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ABSTRACT OF DISSERTATION 
DISTRIBUTION AND DIVERSITY OF HELIOTHINE AND OTHER 
LEPIDOPTERAN NUDIVIRUSES 
Helicoverpa zea nudivirus 2 (HzNV-2) is the only known sterilizing and sexually-
transmitted insect virus and causes pathological symptoms in H. zea reproductive tissues. 
HzNV-2 has features that make it a candidate as a H. zea (corn earworm) control agent, 
such as the ability to cause asymptomatic (latent) and symptomatic (lytic) infections and 
the ability to influence mating behavior of its host to favor virus spread. HzNV pathology 
has been studied and its genome sequenced, however, its prevalence in natural populations 
is largely unknown. In this study, we developed and used a low-cost PCR-based molecular 
survey to investigate HzNV-2 prevalence and found that the virus is circulating in the 
southeastern United States and reaches up to 40% incidence in some areas. We also 
discovered a novel nudivirus infecting Heliothis virescens populations in some areas of 
Louisiana and Mississippi. This is the first multi-year study that uses molecular methods 
and sampling techniques to understand HzNV prevalence in feral Heliothine populations. 
To further investigate the prevalence of nudiviruses in Lepidoptera, data mining and 
bioinformatic tools were used to investigate the presence of nudiviruses in NCBI’s publicly 
available sequence databases. This digital survey revealed significant nudivirus prevalence 
in both Helicoverpa armigera and Helicoverpa zea populations in Brazil, China, Greece, 
and Australia.  Because the greater genetic complexity of H. armigera nudivirus than 
HzNV-2, we propose that HzNV-2 originally evolved with H. armigera as a host and 
spread to the Americas as a result of migration and speciation processes that occurred 
approximately 1.5 Mya. This idea is supported by additional nudivirus detections in a H. 
armigera population and in some Bombyx mori cell lines in the old world. Lastly, we 
sequenced a novel nudivirus that infects Heliothis virescens populations and analysis of 
this sequence revealed a 93.52% similarity to HzNV-2 the genome as well as an incomplete 
variant derived from the original virus. This in silico finding suggests the presence of a 
defective interfering particle that replicates and possibly competes with the original 
Heliothis virescens nudivirus (HvNV). In summary, this work establishes that nudiviruses 
are present in multiple Heliothine and other lepidopteran species and can be common 
enough to act as a natural agent controlling these populations.  These findings support 
development of sterilizing nudiviruses as potential agents for novel strategies to control 
important lepidopteran pests. 
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CHAPTER 1:  INTRODUCTION 
1.1 Insect Pathogens 
Although insects are known to vector microbial diseases to plants and animals, 
insects are also susceptible to fungal, bacterial and viral pathogens. Some of these insect 
pathogens such as entomopathogenic nematodes, bacteria, fungi, and viruses have been 
used as pest control agents against their host insects. The first known insect virus was 
discovered in European cockchafer (Melolontha melolontha) larvae more than 50 years 
ago (Vago, 1963). After several decades of work, this insect virus was identified as an 
Entomopoxvirus (EPV) (Miller & Ball, 1998); a close relative to vertebrate Poxviruses. 
Currently, there are 28 known EPV species classified under Entomopoxvirinae subfamily.  
Insect viruses are mainly divided into three groups; i) arthropod-borne viruses 
(arboviruses), ii) insect-borne plant viruses, and iii) insect-specific viruses (ISVs) (Bolling 
et al., 2015). Arboviruses are a diverse group of viruses that can replicate in the arthropod 
host, but also capable of being spread to and infecting a vertebrate host (Bolling et al., 
2015, Dader et al., 2017). Many important mosquito-borne diseases including Zika, yellow 
fever, chikungunya, and dengue fever fall into this category (Achee et al., 2019). Similarly, 
insect vectors play a key role in infection and transmission of many plant viruses (Dader 
et al., 2017). On the other hand, insect-specific viruses (ISVs) are restricted to insect cells 
and are unable to or do not normally replicate in vertebrate cells (Öhlund et al., 2019). ISVs 
infect both beneficial insects such as honey bees and silkworm and insect pest species, such 
as bollworm. Among all insect-specific viruses, baculoviruses are one of the most 
important widespread groups infecting lepidopteran and some hymenopteran pest species.  
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1.2 Baculoviruses  
Baculoviruses are large double-strand DNA viruses that are known to infect more 
than 400 different arthropod species (Lacey et al., 2001). Among these, baculoviruses 
infecting forest and agricultural lepidopteran species are relatively well studied in terms of 
pathology and viral transmission. The Baculoviridae family consist of four distinct 
nucleopolyhedrovirus (NPV) and granulovirus (GV) genera with phylogenetic data 
supporting the hypothesis that they evolved from an ancestral DNA virus (Thézé et al., 
2011). 
Occlusion bodies (OB) are large, proteinaceous capsules synthesized for protecting 
virions from environmental factors (Hu et al., 1999; Sajjan & Hinchigeri, 2016). Occlusion 
bodies are comprised of virions embedded within a protein-based matrix that protects the 
virus particles from degradation in the environment. Most Baculovirus infections produce 
the OB matrix, which serves as an intermediary for an effective horizontal transmission 
(Cabodevilla et al., 2011). After being ingested by host larva, the occlusion bodies dissolve 
due to alkaline environment in the midgut lumen and occlusion-derived virus (ODV) 
particles fuse with plasma membrane of columnar epithelial cells with virus nucleocapsids 
entering host cell nuclei where viral replication occurs. In all host groups, except 
lepidopterans, this primary OB-type infection is localized in midgut columnar epithelial 
cells or its homologs (Volkman, 1997). Systemic, or secondary, infections occur when 
budded virions spread to other tissues (e.g fat body, hemocytes, epidermis), predominantly 
via tracheal networks (Engelhard et al., 1994).   
Baculoviruses are large DNA viruses expressing dozens of genes in a coordinated 
cascade of gene expression. BV genes are grouped as immediate-early, early, late, and very 
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late genes based on their sequential and coordinated expression (Friesen, 1997). In general 
terms, immediate-early and early genes prepare the host cell for viral replication by 
stopping cellular division and suppressing antiviral activity such as induction of apoptosis. 
The late stage of the BV infection is marked by viral DNA replication and expression of 
viral structural proteins and assembly of virions that bud from infected cells.  Non-occluded 
budded virus support tissue-to-tissue baculovirus infections within an infected larva. A 
transition then occurs as cells transition from budded virus production to assembly of OB 
in the nucleus, which are released into the environment when an insect dies from 
baculovirus infection and become available to infect other larvae. OB production marks 
the late stage of virus infection within cells while at the organismal level behavioral 
changes may occur that promote virus dispersal in the environment.  As infected late-instar 
larvae enter this terminal stage they may climb to the top of plants or edges of leaves 
(known as tree-top disease) as a result of locomotory hyperactivity caused by viral gene 
expression (Popham et al., 2016). At this point the larvae can dissolve as chitinase genes 
break down cuticle to release OBs from infected tissues.  OBs remain infectious on plant 
tissue and in the soil for years until ingested by another larva. This behavioral modification 
is believed to increase the dispersal of viral OBs (Gasque et al., 2019). This biphasic 
replication cycle is also referred as primary (OB type) and secondary (budded virus type) 
infections (Hu et al., 1999). 
Infections of baculoviruses can have lethal or sublethal effects. Bombyx mori 
nucleopolyhedrovirus (BmNPV) is the primary pathogen of silkworm colonies and causes 
significant losses in sericultural production (Jiang et al., 2021).  Many other Baculoviridae 
members are used against specific pest species. Currently, there are more than 60 
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Baculoviral insecticides in use worldwide against many costly crop and forest pests, 
including Helicoverpa, Autographa, Spodoptera, and Lymantria species (Beas-Catena et 
al., 2014). Baculoviruses are also widely used as bioreactors to produce large amounts of 
engineered proteins and gene products in several baculovirus expression systems (Caron 
et al., 1990; Elias et al., 2007). 
 
1.3 Non-occluded Baculoviruses  
In 1966, a novel virus was isolated from an Indian palm rhinoceros beetle (Oryctes 
rhinoceros) population (A. M. Huger, 1966) and named as Rhabdionvirus oryctes gen. 
Although the pathology of this new coleopteran virus resembles a Baculovirus infection 
and rod-shaped virions were produced by this DNA virus, electron micrographs revealed 
that it lacked polyhedra or a crystalline proteinaceous matrix surrounding the viral 
particles. Further studies showed that a facultative occluded stage can occur in larval 
midgut epithelium under some conditions (A. Huger, 1971). Later the virus was placed in 
the Baculoviridae family and became the type species for Group C, the Non-occluded 
Baculoviruses (Matthews, 1982) after a complete revision by the International Committee 
on Taxonomy of Viruses (ICTV). 
In subsequent years, other non-occluded baculoviruses were isolated from 
Coleoptera (K. S. Kim & Kitajima, 1984), Hymenoptera (Bailey et al., 1981), Diptera 
(Larsson, 1984), Orthoptera (Boucias et al., 1989) hosts, and from other arthropods (Beard 
et al., 1989; Wongteerasupaya et al., 1995). The Nudivirus genus was proposed in 2006 
based on the genomic features of Oryctes rhinoceros virus (OrV) as the type virus (Wang, 
van Oers, et al., 2007). Later, researchers showed that there is a genetic relatedness between 
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OrV and Heliothis zea virus 1 (Hz-1) viruses and grouped these viruses under a new genus, 
Nudivirus, as a baculovirus that lacks polyhedral or OB’s.  In 2013, Nudiviruses were 
recognized by the ICTV as a new family, genetically related to but separate from 
Baculoviruses, based on their similarity to Oryctes rhinoceros nudivirus (ICTV Code: 
2013.003a-kI). Interestingly, several nudivirus species “facultatively” produce occlusion 
bodies under some conditions (Bézier et al., 2017). 
 
1.4 Nudiviruses 
The origin of the Nudiviridae family traces back to Nudibaculoviridae subfamily 
(Francki et al. 2012) of Baculoviridae which contained several non-occluded baculoviruses 
until the subfamily dissolved in 1995 due to conflicting genetic evidence (Bateman & 
Stentiford, 2017). The Nudiviridae family was proposed in 2007 as a taxon that contains 
viruses similar to OrNV type species (Wang, van Oers, et al., 2007). In 2013, the 
Nudiviridae family contained at least 4 members that share 15 or more homologous core 
genes. The Nudiviridae family consists of 4 genera (alpha-, beta-, delta-, and 
gammanudivirus) and 11 species. Since 2020, the Nudiviridae family has been classified 
under the Lefavirales order along with Baculoviridae and Hytrosaviridae families (ICTV 
Code: 2020.006D). The name of the family derived from Latin word “nudus” which means 
“naked” and reflects their non-occluded nature. Even though nudiviruses share several 
Baculovirus core genes, the Nudiviridae family is probably a heterophyletic assembly of 
non-occluded and facultatively-occluded viruses (Jehle, 2010).  
Nudiviruses are large rod-shaped double-strand DNA viruses that can infect various 
arthropod species. Nudiviruses can be enveloped and/or complexed with nucleocapsid 
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proteins. With the exception of HzNV-1 and HzNV-2, nudiviruses can also have a tail-like 
appendage similar to OrNV nucleocapsid appendages (A. M. Huger & Krieg, 1991; Drezen 
et al., 2012). Genomes of the known nudiviruses contain 98 to 140 open reading frames 
(ORFs); 33 of those ORFs are shared across the family and 20 of those are homologous to 
Baculovirus core genes (Wang & Jehle, 2009). One particular gene (polh/gran) encodes 
Baculovirus-like polyhedrin/OB proteins and it is shared among three Nudivirus genera 
(alpha-, beta-, gammanudivirus). 
Nudiviruses and Bracoviruses form a monophyletic clade in large dsDNA viruses 
group. Bracoviruses are “endogenous domesticated viruses” that are found in parasitic 
wasps of Braconidae family and composed of two gene clusters, nudiviral genes and 
proviral segments (Louis et al., 2013). Moreover, bracoviruses are known to integrate into 
its host genome through a conserved sequence known as Host Integration Motif (Muller et 
al., 2021). Molecular evidence suggests that Bracoviruses (Family: Polydnaviridae) are 
evolved from a nudivirus ancestor around 310 Mya as they form a monophyletic clade 
along with four nudivirus species (Fig. 1.1) (Thézé et al., 2011).  
 
1.5 Heliothine Nudiviruses 
In 1978, another novel non-occluded baculovirus, Hz-1, was identified from an 
established cell line (IMC-Hz-1) (Granados et al., 1978), nearly a decade after the first 
nudivirus discovery. The IMC-Hz-1 cell line was derived from corn earworm (Helicoverpa 
zea) ovarian tissues and early studies showed that IMC-Hz-1 cell line was nonsusceptible 
to many insect viruses or showed unexpected declines possibly due to persistent Hz-1 
infection (Huger & Krieg, 1991). Further experiments showed that the Hz-1 can 
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persistently infect a wide spectrum of lepidopteran cell lines causing different levels of 
cytopathogenic effects (CPE) (McIntosh et al., 2007; Ralston et al., 1981). Moreover, 
persistent Hz-1 infections can be induced to replicate in presence of some other NPV 
baculoviruses, especially if these NPVs are UV-inactivated (Kelly et al., 1981).  Genomic 
sequence and features of HzNV-1 were published almost 3 decades after its discovery 
(Cheng et al., 2002) 
 
1.6 Helicoverpa zea Nudivirus - 2 
The first report on HzNV-2 was published in 1995 based on agonadal H. zea insects 
obtained from USDA-ARS laboratory in Stoneville, MS. In that report, several 
ultrastructural and pathological features were identified and the virus was named as Gonad 
Specific Virus (GSV) due to its strict localization in gonads and reproductive tissues (Raina 
& Adams, 1995). Similar to other nudiviruses, HzNV-2 is a rod-shaped, large dsDNA virus 
lacking occlusion bodies in its reproductive cycle. HzNV-2 replicates in the nuclei of 
reproductive tissue cells, exhibits either asymptomatic or agonadal pathology, and spreads 
both horizontally and vertically. The virus also modifies host behavior to improve its 
horizontal transmission (Burand & Tan, 2006).  
 
1.6.1 Host Biology 
Corn earworm (H. zea Boddie) is a dispersive, polyphagous and cosmopolitan crop 
pest that can quickly develop resistance to many widely-used insecticides (Diffenbaugh et 
al., 2008). Two sister species in the Noctuidae family, H. armigera and H. zea cause severe 
economic damage to multiple agricultural crops globally every year. The natural 
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distribution range of H. zea is restricted to North America while H. armigera is widely 
spread in the old world and recently invasive in South America since 2013 (Gonçalves et 
al., 2019).  The distribution pattern of these species did not overlap spatially prior to their 
recent and ongoing invasion and expansion in South America (Cordeiro et al., 2020) and 
elsewhere. These population overlaps could generate novel Helicoverpa ecotypes that 
could be more resistant to pesticides as a result of hybridization and genetic introgression 
between these sister species (Anderson et al., 2018). Moreover, H. zea insects can now be 
found globally as a result of commercial transportation of agricultural products even 
though it is natural range is restricted to North America. The extend of interspecies 
hybridization is poorly studied in areas where Helicoverpa zea is invasive. 
Populations of H. zea expand in several ways; short-range (within crop) dispersal, 
long-range (up to 10 km) expansion, and via migratory movements. H. zea moths can 
migrate several hundred kilometers and move at altitudes up to 2 km (Westbrook et al., 
1995) with the help of wind currents. H. zea can overwinter in southern states with a 
hypothetical line around 40° north latitude demarcating the areas where overwintering 
populations may occur (south) from the areas where immigrant population (north) are re-
established every year via migration from the south. Dynamics of H. zea populations are 
usually monitored via light traps or pheromone-baited traps (Hardwick, 1968; Fitt et al., 
1989). Under standardized rearing conditions (12h/12h light/dark at 25°C), H. zea colonies 
can produce a new generation approximately in every 30 days. The number of generations 
per year usually varies between 1 (Canada) to 7 (Florida and South Texas), which also 
influences the extent of feeding damage. In regions with multiple generations, H. zea can 
infest a different crop each generation based on host availability (Adams et al., 2016).  
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Corn earworm is an extremely polyphagous insect that feeds on more than 50 host 
plants including many important agricultural crops, several vegetable plants and weed 
species. Feeding preference of the corn earworm is determined primarily by host rating and 
maturity. For larval feeding, corn and lettuce are among the highest quality hosts followed 
by sorghum, cotton, tomatoes and sunflower (Harding, 1976). Also, females tend to lay 
eggs on flowering plants which causes ovipositional bias towards mature plants (Johnson 
et al., 1975).  
Corn earworm mating is mediated by sex pheromones that are released by females 
until copulation occurs. During copulation, a small peptide (pheromonostatic peptide, PSP) 
is transferred from male to female which inhibits the pheromone release and mate calling 
behavior (Kingan et al., 1995). Females can lay up to 1500 eggs in the wild and the eggs 
usually hatch in 2 to 4 days after oviposition. The first instar larva initially feeds on its own 
egg shell, then grazes on flowering parts of the host then eventually entering the fruit. After 
its first molt, the larva exhibits cannibalistic behavior that plays an important role in 
population regulation (Chilcutt, 2006). Last instar larvae stop feeding, drop to the ground 
and burrow into soil. On average, H. zea completes larval development and reaches the 
pupal stage after 5 (sometimes 6) instars in around 16 days.  Pupal development takes 12 
to 24 days to complete depending on temperature and soil conditions (Ditman et al., 1940).  
The economic damage caused by corn earworm infestation and cost of control 
reaches several billion dollars per year (Pogue, 2004). Many field studies show that corn 
earworm infestation can significantly reduce crop yields (Adams et al., 2015, 2016) and 
the infestations are associated with the spread of Aspergillus flavus, a fungus that produces 
poisonous and carcinogenic aflatoxins (Widstrom et al., 1976). H. zea has quickly 
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developed field-evolved resistance traits to multiple pesticides including Cry toxins. These 
resistant populations are commonly found across the southeastern United States (Reisig et 
al., 2018). Recent studies suggest that pesticide susceptibility of H. zea diminishes fairly 
quickly, even rendering pyramided Bt applications ineffective (Carrière et al., 2019). This 
quick evolutionary response to pesticides is severely limiting management tools leaving 
only costly options such as promoting susceptibility traits via seed mixtures or block 
refuges (Brévault et al., 2015). 
 
1.6.2 Structure and Genomic Features 
Helicoverpa zea nudivirus is a singly enveloped particle that is roughly 380 nm 
long and 80 nm wide (Hamm et al., 1996). The HzNV-2 genome is one of the largest among 
insect viruses containing 231,621 base pairs.  The nucleocapsid is a complex rod-shaped 
structure comprised of nucleocapsid proteins and DNA. A majority of the genes in the 
HzNV-2 genome are not homologous to any known genes, with 75 of its 113 predicted 
ORFs annotated as hypothetical genes. The 38 ORFs having homology to known genes 
encode structural and functional proteins including 16 genes homologous to core 
baculovirus genes.  The HzNV-2 genome closely resembles the HzNV-1 by sharing 93.5% 
sequence identity (Fig. 1.3) however, 14 predicted ORF regions are missing in HzNV-1 
(NCBI Accession: AF451898) and it is 3,532 bp smaller than HzNV-2 genome (NCBI 
Accession: JN418988). Among these, a large deletion disrupts or deletes ORF90, ORF91 
and ORF92 hypothetical coding regions of unknown function. On average HzNV-2 genes 
are 2,050 bp long based on existing ORF predictions with the total coding sequences 
constituting 68% of the HzNV-2 genome (Burand et al., 2012). The HzNV-2 genome 
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contains several genes that are related to DNA replication and repair, transcription, histone 
synthesis and nucleic acid metabolism as well as 6 tandem repeats, 5 of which are within 
ORF90 – ORF92 and one within ORF2 (Burand et al., 2012). 
Studies with HzNV-1 show that the virus regulates latency via micro RNAs 
(miRNA) expressed by a persistence-associated gene (pag-1) (Chao et al., 1998). miRNA 
products of this gene inhibit expression of an early-intermediate hhi-1 transcriptional 
activator (Wu et al., 2018) that terminates the latent infection and initiates the lytic phase 
(Wu et al., 2010) and subsequently induces apoptosis of virus infected cells (Wu et al., 
2011). These regulatory elements are also present in the HzNV-2 genome and a BLAST 
search of persistency-associated transcript-1 (PAT1), pag-1 and hhi-1 (ORF154 in HzNV-
1 genome, Wu et al., 2008) revealed sequence similarities of 95.25%, 100% and 94.87% 
respectively. This high similarity indicates the presence of similar regulatory elements in 
the HzNV-2 genome. Besides these regulatory elements, ORF07 of the HzNV-2 genome 
and ORF145 of the HzNV-1 genome encode a carboxylesterase-type protein and resembles 
(blastp E-value = 9e-27) juvenile hormone esterase (JHE) of Polistes fuscatus (northern 
paper wasp). 
The HzNV-1 genome lacks several genes that are required for replication in the 
moth and restrict the virus replication to some lepidopteran cell lines. Establishing cell 
lines from insect tissues is a complex and poorly understood process that leads to 
immortalization of some cells that become able to replicate continouosly independent from 
normal cellular control processes. Some chemical reagents used in the IMC-Hz-1 cell 
immortalization process, such as sodium hypochlorite (Hink & Ignoffo, 1970) induce 
mutagenesis in both host and pathogen genomes found in source tissues. Based on this 
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knowledge, it is likely that HzNV-1 was accidentally created during IMC-Hz-1 cell 
immortalization process and persisted in the following passages. Moreover, genes deleted 
during this process are not necessary for viral replication in cell lines.   
 
1.6.3 Pathology 
The HzNV-2 virus is sexually transmitted and spreads either horizontally via 
mating or vertically as an inherited infection from parent to offspring. Oral infectivity is 
not known to occur naturally even though the virus is somewhat orally infectious in the lab 
and several per os infectivity factors (pif) and fusion protein genes are present in its genome 
(Burand et al., 2012).  Upon infection, the virus can cause either asymptomatic “latent” or 
agonadal “lytic” pathology and this biphasic pattern is influenced by the viral titer, with 
high titer infections favoring lytic infections. In the asymptomatic phase, infected moths 
do not exhibit pathological signs and reproduce normally, however, latently infected 
females transmit the virus transovarially. As a result of this progressive viral exposure in 
the ovaries, progeny from the first- and second-day ovipositions often exhibit 
asymptomatic pathology while the third- and fourth-day ovipositions usually generate 
agonadal progeny (Burand & Rallis, 2004).  
Lytic infections of HzNV-2 are primarily diagnosed with functional and structural 
abnormalities in reproductive organs in both females and males. In females, lytic infection 
causes deformations in gonadal tissue and leads to the formation of a large Y-shaped 
structure without any visible egg presence (Fig. 1.2 D). Simlarly, males lack seminal 
vesicles, vasa deferentia and accessory glands in addition to smaller unfused testes. In 
healthy males, accessory glands produce pheromonostatic peptide, which inhibits the 
13 
 
female pheromone production after mating.  These abnormalities cause reproductive 
sterility (Raina & Adams, 1995). In addition to the internal malformations, lytic HzNV-2 
infections usually produce an externally visible “plug” at the females genital opening 
covered with a dark waxy material (Raina et al., 2000). Further studies revealed that the 
plug was a mixture of dark-colored granular substance and a light-colored viscous material 
with high virus concentrations. Moreover, viral replication during pupal and early 
development prevents formation of normal internal cuticular structures and eventually 
generating a large Y-shaped and a smaller C-shaped structure (Fig. 1.2, D). The severity of 
these pathological symptoms are influenced by the infection stage (early instar, late instar 
or late transovarial) and the degree of sterility varies from partially functional gonads to 
completely fused non-functional bodies (Fig. 1.2) (Rallis & Burand, 2002a).  
Infected males, by contrast, do not exhibit external symptoms and internal 
copulatory structures develop normal function.  However, the testes and accessory glands 
are either completely missing or significantly underdeveloped. These symptoms indicate 
that agonadal males can initiate copulation behaviors that support viral spread, however, 
the infected male cannot transfer spermatophores or auxiliary secretions (Rallis & Burand, 
2002b) due to gonadal and reproductive tract atrophy. 
 
1.6.4 Behavioral Modifications 
Burand et al. (2005) showed that HzNV-2 infected corn earworm females produce 
5 to 7 times more pheromone than healthy females. In lepidopterans, juvenile hormone 
(JH) titer is closely related to oocyte maturation, calling behavior and pheromone 
production (McNeil et al., 1995).  Also, in noctuids, vitellogenesis and choriogenesis occur 
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after eclosion and are completely independent from metamorphic events with only juvenile 
hormone (JH) necessary to initiate gonadotrophic activity (Ramaswamy et al., 1997). On 
the other hand, juvenile hormone esterases (JHEs) play a central role in regulating the 
juvenile hormone concentrations by deactivating the JH via a hydrolysis reaction (Khalil 
et al., 2006). Along with JH, the pheromone biosynthesis activator neuropeptide (PBAN) 
is another important factor in H. zea reproductive system which activates and maintains 
the pheromone synthesis pathway in pheromone glands tissue (Jurenka et al., 1991; Jurenka 
& Rafaeli, 2011). Contrarily, several studies showed that the JH actually down-regulates 
the PBAN responsiveness and thus inhibits the pheromone production (Rafaeli & Bober, 
2005; Bober et al., 2010; Choi et al., 2012). 
In Heliothine insects, esterases play important roles in insecticide resistance 
(Achaleke et al., 2009; Li et al., 2013), and reproduction (Gilbert et al., 2000; Khalil et al., 
2006). The HzNV-2 genome contains two esterase-like genes, ORF07 (carboxylesterase) 
and ORF99 (esterase/lipase). The ORF07 sequence resembles the functional motif of insect 
JHEs and the expression of this gene during lytic phase is likely responsible for JH 
hydrolysis. Thus, high levels of pheromone production results from PBAN upregulation 
(Burand et al., 2012). Lastly, as discussed earlier, lytic infections of HzNV-2 cause 
malformed testes and accessory glands in males rendering the insect incapable of 
transferring spermatophores and other secretions such as pheromonestatic peptide (PSP). 
As a result, females receive virions during copulation but exhibit continuous calling 
behavior which contributes to ongoing attraction of males and mating attempts that spread 
the virus (Burand & Tan, 2006). 
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1.7 Project Goals 
HzNV-2 is the only known sterilizing nudivirus of Lepidoptera and both HzNV-1 
and HzNV-2 were discovered by accident based on their effects of infection on insect cells 
and moths in the lab.  There is little published data on HzNV-2 distribution and prevalence 
in the United States, and there is no information as to whether similar nudiviruses are 
present in other species.  To address this knowledge gap, I surveyed Helicoverpa zea and 
Heliothis virescens populations across the US, particularly focused on the United States 
Cotton Belt because of greater surveillance in this region. This survey was necessary to 
understand HzNV-2 prevalence in the southest and may contribute to future efforts toward 
its development and use as a corn earworm management agent. We also were able to survey 
another cotton pest, H. virescens, and detected several nudivirus positives from field-
collected samples. These detection results were verified via Sanger sequencing. 
Subsequently, I focused on prevalence of nudivirus sequences present in genomic 
and transcriptomic datasets. To achieve this, I performed a digital survey using next-
generation Lepidoptera sequencing datasets deposited to public databases by researchers 
around the world. This survey produced a number of interesting results, such as strong 
evidence on H. amigera nudivirus in Brazil and evidence that other nudiviruses infecting 
Spodoptera populations and Bombyx mori cell lines. I also identified and annotated short 
nucleotide variations in these datasets for predicting the impacts on transcriptional 
products. Finally, we screened the entire lepidopteran nucleotide (non-NGS) submissions 
to more fully characterize and understand sequence homologies and screen for potential 
viral integration events into lepidopteran host genomic DNA.  
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In Chapter 4, I have investigated genomic structure of Heliothis virescens nudivirus 
and compared it with known Heliothine nudivirus sequences. I performed a NGS analysis 
on one of our strong nudivirus positives that was collected from a H. virescens population. 
This H. virescens nudivirus (HvNV) defines a nudivirus that is new to science.  It could 
become the basis for a novel control agent for H. virescens management. Lastly, we 
performed a de novo haplotype analysis on this dataset and discovered an incomplete 
nudivirus strain similar to a defective interfering virus variant that closely resembles a 
portion of the HvNV genomic sequence.  Such variants are known to reduce the efficiency 
of replication within some baculovirus infections. 
Taken together, this body of work establishes that nudiviruses are globally 

















Figure 1.2: Malformation of of adult female H. zea reproductive tissues. (A) Healthy adult 
female, (B) HzNV-2 infected during the late sixth larval instar, (C) during the late fifth 
larval instar, and (D) transovarially infected adult female. (modified from Rallis & Burand, 
2002b) 
 
(Ov: ovarioles, lo: lateral oviduct, co: common oviduct, ce: cervix bursa, cb: corpus 
bursa, and sd: seminalduct) 
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Figure 1.3: Whole genome alignment of HzNV-1 and HzNV-2 genome sequence (Burand 
et al., 2012). 
 
The grey line on the base represents the HzNV-2 genome and the thin black line shows 
the aligned HzNV-1 genome. Red color denotes a sequence identity greater than 95% and 






CHAPTER 2:  HELICOVERPA ZEA AND HELIOTHIS VIRESCENS 




Bollworm is a collective term for the Lepidoptera species that feed on and within 
the cotton boll in the larval stage. This feeding behavior of the bollworm larvae makes it 
difficult to efficiently manage this pest since the larvae develop contained and protected in 
the fruit (Moore & Tracy, 2021). The bollworm complex contains major cosmopolitan pest 
species that cause severe damage to a long list of crop types. Among others, three bollworm 
species; corn earworm (Helicoverpa zea, H. zea), the tobacco budworm (Heliothis 
virescens, H. virescens) and the old world bollworm (Helicoverpa armigera, H. armigera) 
are among the costliest crop pests in the world (Bibb et al., 2018). Larvae of these species 
also exhibit highly polyphagous feeding behaviors, feeding on more than a hundred 
different economically important crop and vegetable species including corn, cotton, 
lettuce, soybean, tomato and tobacco.  
Bollworm management becomes more problematic when larvae enter the fruit 
leaving only few options for control (Tabashnik et al., 2021). Two major microbial 
bioinsecticides, Bacillus thuringiensis (Bt) toxins and baculovirus formulations, have been 
used to control bollworm infestations. In the United States, the first commercial 
baculovirus-based insecticide, H. zea NPV was released in 1975 by Sandoz (Elcar). 
Baculoviruses are usually considered as the “natural enemies” of bollworms (Yuan et al., 
2021) and they can be engineered to improve their efficiency. One such study elevated the 
insecticidal activity of a baculovirus strain by incorporating Bt toxins and an insect-specific 
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neurotoxin in the occlusion bodies (Shim et al., 2013). On the other hand, Bt toxins are 
popular insecticides of bacterial origin and can be either sprayed (foliar application) or 
expressed by the plant (transgenic application). Transgenic application is the most effective 
method for controlling bollworm infestations (Dhillon & Sharma, 2013; Little et al., 2017). 
Viruses are important entomopathogens with more than 1100 known strains that 
infect over 20 insect families (Grzywacz, 2017). Almost half of these insect viruses are 
members of the Baculoviridae family, which form occlusion bodies to protect the virions 
from environmental factors (López et al., 2018; Slack & Arif, 2006). Similarly, 
Nudiviruses infect a diverse group of aquatic and terrestrial arthropods such as Asian tiger 
shrimp (Penaeus monodon), marsh crane fly (Tipula oleracea), lesser fruit fly (Drosophila 
melanogaster), and the two-spotted cricket (Gryllus bimaculatus). In general, nudiviruses 
do not form occlusion bodies even though some are known to express polyhedral genes 
facultatively (Bézier et al., 2017). One well-studied nudivirus, the Oryctes rhinoceros 
nudivirus (OrNV) has been utilized as a pest control agent (Bedford, 2013).  
Evidence from comparative genomics indicate that Nudiviruses and Baculoviruses 
diverged from a common ancestor nearly 310 million years ago (Thézé et al., 2011). These 
two dsDNA virus families share at least 15 homologous core genes (Burand, et al., 2007) 
but differ significantly in terms of pathology and life cycle. It is still not clear whether the 
Nudiviridae family is a monophyletic or polyphyletic as it contains viruses that are capable 
of replicating in the fat body, midgut and reproductive tissues and even synthesizing 




Helicoverpa zea nudivirus – 2 (HzNV-2) is a sexually transmitted nudivirus that 
causes gonad atrophy in corn earworm (H. zea) adults. It exhibits a biphasic replication 
cycle where the infection is asymptomatic during latent phase and has productive, virion 
producing replication during lytic phase (Burand & Lu, 1997). The productive phase is 
characterized by a progressive gonad and reproductive tract atrophy internally while 
usually producing a waxy “plug” at the genital opening on the caudal abdmoninal segments 
(Burand & Lu, 1997; Rallis & Burand, 2002b). Up to one third of all HzNV-2 infections 
exhibit lytic (agonadal) symptoms accompanied by reproductive sterility due to 
physiological and morphological defects in gonads and reproductive tracts (Raina & 
Adams, 1995). HzNV-2 also modifies host behavior by triggering excessive pheromone 
synthesis and continuous mating call behavior in females after mating attempts (Burand et 
al., 2005; Burand & Tan, 2006). The waxy plug formation, which contains high virus 
concentrations, and changes in moth mating behavior contribute to efficient horizontal 
spread of the virus in feral H. zea populations. Moreover, HzNV-2 is also transmitted 
vertically through transovarial infection with the phase of the infection (latent or lytic) 
usually determined by the viral titer (Burand & Rallis, 2004). Despite the factors 
contributing to the viral transmission, widespread infections are uncommon in feral 
populations potentially due to an interplay between host immune response, viral dosage 
and reactivation dynamics. 
The first known H. zea nudivirus was detected as a persistent baculovirus strain in 
IMC-Hz-1 cell lines (Ignoffo et al., 1971). Later on, this virus strain was named as IMC-
Hz-1 (Granados et al., 1978), then Hz-1V (Huang et al., 1982), and Hz-1 (Burand et al., 
1983; Chao et al., 1992; McIntosh et al., 1985) until it was finally classified under 
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Nudiviridae family (Wang, et al., 2007). More than two decades after the discovery of 
HzNV-1, another variant, HzNV-2 was detected in a corn earworm colony and initially 
named Gonad Specific Virus (GSV) (Raina & Adams, 1995). The main difference between 
HzNV-1 and HzNV-2 is their cellular host range. Whereas HzNV-2 can circulate in wild 
H. zea populations, HzNV-1 replication is restricted to infection of cell lines (Burand et 
al., 2012). This restriction can be attributed to genomic deletions in HzNV-1 genome 
relative to the intact HzNV-2 strain.  As HzNV-1 was first discovered in an IMC-Hz-1 cell 
line it is probable that HzNV-1 strain was generated from an HzNV-2-infected gonadal 
tissue source during the cell immortalization process with subsequent deletions of the virus 
genome. 
Surveying entomopathogens and vector-borne diseases can be time and resource 
consuming (Shapiro-ilan et al., 2003; Iwashita et al., 2018). Conventionally, FTA® cards 
(Flinders Technology Associates filter papers) have been used widely as a viable and 
effective sampling medium for medical and forensic purposes where high quality DNA is 
needed for subsequent analyses. (Borman et al., 2006; Rogers & Burgoyne, 2000). Despite 
the advantages of FTA cards, our main focus was to screen wild Heliothine populations for 
nudivirus presence with no emphasis on downstream analysis so we developed and tested 
a low cost and effective sampling protocol based on the same filter paper approach.  
In this study, we combine several novel approaches to screen nudiviruses in feral 
Heliothine populations in the U.S. Cotton Belt region and surrounding states. Firstly, we 
developed an inexpensive sampling method to capture insect DNA required for molecular 
analysis. Secondly, we established contacts with professionals to collect trap samples using 
our field sampling kit. The sampling protocol was fairly simple to follow and it allowed us 
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to achieve a substantial sample size with the help of our collaborators, researchers and field 
professionals. Unlike a previous study conducted in 8 states in one year (Lupiani et al., 
1999), my novel sampling and screening protocol was employed from 2016 and 2020 and 
allowed us to process over 2000 field-collected samples from more than 50 locations and 
4 different host species. Additionally, nudivirus positives were verified with Sanger 
sequencing. Finally, I believe that the H. virescens nudivirus has potential for managing H. 
virescens populations and the knowledge produced in this project will support future 
research on Heliothine nudiviruses. 
 
2.2 Methods 
This project was initiated in 2016 to survey nudiviruses in feral Heliothine 
populations. To achieve this aim, we communicated with researchers and professionals 
primarily from Southeast and Southwest regions of the United States who monitor 
Heliothine populations using pheromone traps. I collaborated with more than 30 
researchers and field professionals to collecting and ship samples from 39 locations across 
the Cotton Belt region, surrounding states and from Puerto Rico. The main focus of this 
study was the corn earworm (H. zea) and until 2018 I accumulated data primarily on this 
host but also detected some evidence of a potentially new nudivirus infecting tobacco 
budworm (H. virescens). In subsequent years, more samples from tobacco budworm and 




2.2.1 Sample Collection 
A cost-effective and user-friendly method was developed to collect DNA from wild 
insect populations. In this method, I supplied researchers with sampling kits (Fig. 2.1) that 
contained prefolded filter papers placed in small individual glassine envelopes, a sampling 
guide and a sample information form. The sampling kit was designed to be as user-friendly 
as possible and minimize time and effort needed for tissue collection. Each sampling kit 
contained six filter papers where insects are placed on (Whatman filter papers, 90mm, 
Type 43, Ashless – GE Health and Life Sciences), then folded and squeezed to extract the 
abdominal content into the filter paper. Researcher then removed the cuticular parts 
leaving only “tissue blots” on the paper. This paper was then folded back and placed into 
small a glassine envelope (52mm x 90mm, VWR Inc.), which secures the sample from 
environmental factors and prevented cross contamination. Finally, these sampling kits are 
shipped to our laboratory via regular mail and upon arrival stored in -20°C freezer until 
analyzed by PCR.  
In addition to filter-paper samples, we also obtained several batches of frozen 
insects from Louisiana, Mississippi and Kentucky locations. These whole insect samples 
were processed using a more conventional DNA extraction and precipitation method 
(Table 2.1) modified from Sambrook & Russell (2006). In this protocol, insect abdomens 
are dissected and transferred to 1.5 mL microfuge tubes and then incubated for 2 hours at 
56°C in alkaline digestion buffer. Then, cellular debris is removed in a salting-out 
technique and lastly, the DNA is precipitated with ethanol. In addition to frozen insects, 
we received several high-quality corn earworm DNA extractions prepared from Puerto 
Rico H. zea samples using a phenol-chloroform DNA extraction method. These insects 
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were collected from 10 different locations in Puerto Rico; Aguadilla (n = 1), Añasco (n = 
4), Guánica (n = 24), Guayama (n = 5), Isabela (n = 14), Juana Diaz (n = 5), Lajas (n = 4), 
Mayagüez (n = 2), Sabana Grande (n = 2), and Santa Isabel (n = 39). 
 
2.2.2 Nudivirus Screening 
Hemolymph blotted filter papers were processed by cutting small sections (5mm x 
5mm) using sterilized insect dissection scissors and tweezers. Sterilization of dissection 
utensils was performed by cleaning them with a Kim-wipe and heat-inactivating the 
remaining nucleic acids in a Bunsen burner for 3 seconds between each sample. The paper 
section that contained insect tissues (visible due to staining of the paper) was then placed 
in a 0.6 mL microfuge tube and completely soaked in 0.2 mL TE-buffer (10 mM Tris-CL 
and 0.1 mM EDTA in distilled water, pH 8.0). TE-buffer was used for DNA extraction 
(Bereczky et al., 2005) and as a long-term storage medium. In the extraction step, 
hemolymph-absorbed paper sections were incubated at 98°C for 30 minutes in TE buffer 
to inhibit enzymatic activities and solubilize the DNA. Finally, suspended particles and 
contaminants were pelleted via centrifugation at 1000g for 2 minutes and the supernatant 
was transferred to a new tube to store at -20°C freezer until downstream analyses. Viability 
of the TE buffer extraction method was tested against a more conventional spin-column 
method (DNeasy Blood & Tissue Kit, QIAGEN Inc.) with serial dilutions of template DNA 
source. 
A standard polymerase chain reaction (PCR) protocol was used to detect nudivirus 
sequences in total DNA solutions (Lundberg et al., 1991). PCR reactions were carried out 
in 10 µL total volume while maintaining the reagent concentrations at the levels specified 
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by the enzyme manufacturer (Taq DNA Polymerase, recombinant, Thermo Fisher 
Scientific). We have also tested different annealing temperatures and MgCl2 concentrations 
using gradient PCR techniques to avoid false negatives and non-specific amplification. 
Based on these results, the optimal annealing temperature was determined to be 52°C with 
2mM MgCl2 final concentration. This MgCl2 concentration was set slightly higher than the 
suggested value in order to mitigate the chelating effect of EDTA 
(Ethylenediaminetetraacetic acid) present in TE buffer. 
The outcome of a PCR assay can be influenced by several factors, such as primer 
mismatches, GC-content ratio, and the accuracy of thermal cycler, therefore, the chain 
reactions were carried out in multiplex setting with two sets of PCR primers (P4 and P13, 
Lupiani et al., 1999) to minimize false negative errors (Table 2.2). The thermocycler (MJ 
Research PTC-200) was programmed to run an initial denaturing step at 94°C for 1 minute, 
30 rounds of main cycle (annealing temperature: 52°C), and 1 minute of final extension at 
72°C. Then, synthesized PCR products (5 µl per sample) were loaded in a 1.5% agarose-
TBE (Tris-borate-EDTA) gel which also contains fluorescent nucleic acid stain (GelRed, 
Biotium). Following electrophoresis (1 hour at 120 V), amplimer banding patterns were 
visualized using a digital UV trans-illuminator (iBright 1500, Thermo Fisher Scientific). 
Additionally, a pair of new primers were designed to differentiate H. zea from H. virescens 
based on amplimer size (Table 2.2). These primers allow the amplification of ITS1 region, 
flanked by 18S and 5.8S RNA coding sequences, (Perera et al., 2015) at 58°C annealing 
temperature. Due to several deletions in H. virescens ITS1, the chain reaction generates 




2.2.3 Data Analyses 
In order to assess broad spatial factors, we grouped the sampling locations into three 
regions; north (IA, IL, IN, NE, OH, SD, UT, WI), mid-south (AR, AZ, KY, NC, OK, TN, 
TX), and deep south (AL, FL, GA, LA, MS, and SC). Survey regions were compared based 
on prevalence means using a logistic regression method.  Correlation analysis performed 
on monthly prevalence averages and mean temperature using R statistical software (R Core 
Team, 2018). 
 
2.2.4 Amplimer Sequencing 
Sanger sequencing requires high-quality, high-concentration amplimer solutions. 
For this purpose, all known nudivirus positives were used as templates for a second round 
of PCR amplification because multiplex PCR products are not compatible with Sanger 
sequencing. To purify these DNA samples, proteins, contaminants, and short DNA 
fragments were removed from the PCR products using magnetic beads (Axygen Prep Mag 
PCR Cleanup Kit, Corning Inc.) and magnetic separation rack (MagnaRack™, Invitrogen 
Corp). At this stage, clean PCR products were transferred to the sequencing facility 
(University of Kentucky Genomics Core Laboratory) in 4 96-well plates where the 
downstream reactions and the final sequencing steps were carried out. For the main 
sequencing reaction, P13_Fw primer was used (Table 2.2). Datasets were released in ABI 
format which contains both sequence and chromatogram information. 
Base call quality can be problematic in Sanger sequencing especially at the ends of 
the amplimers. In our dataset, these low quality bases were removed via QC and trimming 
workflow in Unipro UGENE program (Okonechnikov et al., 2012). High quality sequences 
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were then aligned using MUSCLE (Edgar, 2004) program with default settings. The 
MUSCLE output further trimmed to minimize end gaps and form an alignment block which 
is necessary for subsequent analyses (Fig. 2.3). 
Before proceeding with phylogenetic analysis, an outgroup sequence of 217 bp was 
generated via Mutation Simulator (https://github.com/mkpython3/Mutation-Simulator) 
based on the corresponding region of the original HzNV-2 genome. The mutation rate was 
determined to be 5% of the sequence length. A Bayesian phylogenetic analysis was 
performed on final alignment block and simulated outgroup sequence using MrBayes 
(Ronquist et al., 2012) program with total chain length: 1.1M with 10% burn-in, 
substitution model: GTR, and rate variation: invgamma. The posterior output tree was 
visualized with FigTree program (http://tree.bio.ed.ac.uk/software/figtree). 
 
2.3 Results 
First, we compared our TE buffer-based DNA extraction method with a 
conventional spin-column kit using serial dilutions of source DNA. This comparison 
indicated that our extraction method is viable even at low virus titers or DNA 
concentrations (Fig. 2.2). Furthermore, we noticed that multiplexed PCR has advantages 
over regular PCR in terms of reducing false negatives.  
  
2.3.1 Summary of the Survey Data 
This study was designed to explore HzNV-2 prevalence in the Cotton Belt region 
and surrounding areas. Field samples were mainly collected between 2016 and 2020, by 
using pheromone traps, light traps and direct manual collection methods. We initially 
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focused on Helicoverpa zea populations in 2016 and 2017, then included some H. virescens 
and Spodoptera samples in the following seasons. The overall sample size was 2291 and 
this number was achieved with the help of 32 researchers from 21 states ranging from Utah 
to North Carolina, Texas to Wisconsin (Table 2.3 and 2.6). Molecular screening of the 
samples showed that 20.81% of all corn earworm (Helicoverpa zea) samples were 
nudivirus infected. By contrast, only 4.3% of the tobacco budworm samples were found to 
be nudivirus infected. Additionally, samples from four states (AZ, IA, SD and UT) and 
from other lepidopteran groups (Spodoptera sp. and Cydia pomonella) showed no evidence 
on nudivirus presence among analyzed samples. Also, I processed 100 DNA isolates 
shipped from Puerto Rico in 1.5 mL microfuge tubes which were prepared from corn 
earworm legs, abdomens and throaces.  However, these samples were not included in the 
H. zea nudivirus prevalence dataset due to ambiguities in specimen origin. Our monthly 
aggregated dataset indicated a significant positive correlation between HzNV-2 prevalence 
and average monthly temperatures (rzea=0.791, rvirescens = 0.692) (Fig. 2.7).  
 
2.3.2 Nudivirus Prevalence in Corn Earworm (H. zea) Populations  
Among 1403 field collected corn earworm samples, we found 292 nudivirus 
positives (Fig. 2.5). On average, the nudivirus prevalence was 20.81% in this and it ranged 
from 4.23% (IN) to 44.44% (OK) (Table 2.3). Since the sample collection pattern was not 
uniform, inferences about HzNV-2 dynamics were limited. The prevalence means were 
13.18%, 22.27%, and 24.22% for the north, mid-south and deep-south regions, respectively 
(Table 2.4). Two separate comparisons were performed using a logistic regression method. 
Firstly, I found no significant difference between mid-south and deep south based on 
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prevalence rates (Df = 11; z = -0.125, p = 0.902). In the second comparison, there was a 
significant difference in prevalence rates between north and south (mid-south + deep-
south) regions (Df = 19; z = -2.273; p = 0.0230). Additionally, aggregated monthly 
detection graph showed that HzNV prevalence increases starting from April and reaches 
its peak level in July (Fig. 2.7). 
 
2.3.3 Nudivirus Prevalence in Tobacco Budworm (H. virescens) Populations 
On average, 4.3% of all H. virescens samples (29 positives out of 675 total) showed 
nudivirus presence (Fig. 2.6). These positives were verified by specific PCR primers (Table 
2.2) that distinguish corn earworm from tobacco budworm nudiviruses. The main body of 
the H. virescens samples (540 total) were collected from the Bossier City location (LA) 
and the nudivirus prevalence was 4.8% (26 positives) in this batch of samples (Table 2.7). 
A smaller set of samples (111 total) was obtained from Mississippi locations and the 
nudivirus prevalence was 2.7% (3 positives). Lastly, HvNV was not detected in samples 
collected from Arkansas locations (24 total). 
 
2.3.4 Puerto Rico Samples 
In 2017, I received 100 DNA isolates prepared from H. zea thoraces, legs and 
abdomens. Our initial PCR assay showed that all 24 abdominal DNA samples were 
nudivirus infected. This result was verified by a subsequent randomized test where 16 
randomly selected abdominal DNA isolates are pooled with 16 negative controls. In all 
tests, abdominal samples yielded strong bands in gel electrophoresis. Also, based on the 
specimen details provided by the collaborator (Table 2.6), we were not able to determine 
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the origin of individual DNA sources so these samples excluded from the H. zea prevalence 
analysis due to uncertainties in the dataset. These results indicate that HzNV-2 infection is 
localized in gonadal tissues rather than causing any detectible systemic infection. These 
findings are also congruent with the results from previous ultrastructural studies done by 
Raina & Adams, (1995). 
 
2.3.5 Non-Heliothine Samples 
A small portion of the survey dataset was composed of armyworm (Spodoptera sp.) 
and Codling moth (Cydia pomonella) samples. Codling moth samples were collected from 
Oregon (6 total) and none of them showed presence of nudivirus, however, this sample size 
is too small to make inferences about this species. Moreover, we screened several 
Spodoptera samples; 100 from Tennessee and 6 from North Carolina locations. Similarly, 
none of the 6 samples from NC showed nudivirus presence but again the sample size was 
too small for making any inferences. Two out of 100 Spodoptera samples from Tennessee 
were found to be nudivirus positive in the initial PCR assay but yielded very weak bands 
in gel electrophoresis. These weak bands were not considered to be definitive positives and 
so were excluded from the dataset. 
 
2.3.6 Amplimer Data 
The HzNV-2 positives in this project were sequenced to verify the origin of the 
sequences and investigate any differences among the sampling locations. Out of 347 
nudivirus positives, two Spodoptera samples failed to produce adequate amounts of 
amplimer after the cleaning and amplification steps. Also, sequences from 35 samples were 
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very short and uninformative. The fragment size of the remaining successful reactions (310 
total) ranged from 259 bp to 615 bp. After trimming and quality control process, the read 
range was 153 bp to 450 bp. These high quality reads were aligned to analyze nucleotide 
polymorphisms and the average sequence length for this alignment block was 216.28 bp 
(stdev: 3.95) and the range was 153 bp to 217 bp (Fig. 2.3). Also, pairwise identity of the 
amplimers in this alignment block was 99.3% with 131 identical sites (60.8%). Analysis 
of the alignment block resulted in a phylogenetic tree that partially concurs the geographic 
distribution pattern of all nudivirus positives (Fig. 2.4). Due to high pairwise identity and 




This project was designed to extend previous survey studies (Lupiani et al., 1999) 
in both temporal and spatial dimensions. Our results suggest a considerable HzNV-2 
prevalence in the Cotton Belt region (24.22%) which is in agreement with Lupiani et al. 
however I found even higher nudivirus prevalence in Texas (38.57%) where Lupiani et al. 
did not detect HzNV-2 (Table 2.3). By contrast, I was not able detect viral DNA (n = 6) in 
our Iowa samples probably due to very small sample size, where Lupiani et al. reported 
16.7% incidence rate on average. Also, we found numerous nudivirus positives in locations 
above the hypothetical overwintering line, such as Nebraska, Wisconsin and Indiana which 
indicates virus is present in migrating hosts. Finally, HzNV-2 was not detected in samples 
from four states (UT, AZ, IA and SD) primarily due to small samnpling sizes. This HzNV-
34 
 
2 prevalence pattern may be attributable to several climatic and host-plant availability 
parameters however the role of these factors and possible other factors are unknown. 
Since multiple research groups were involved in sampling efforts and this was a 
voluntary effort, it was impossible to achieve a consistent sampling regime. To mitigate 
this issue, we partitioned the dataset into three regions; deep-south, mid-south and north, 
based on climatic features and host plant availability. One-way ANOVA test revealed that 
these regions were significantly different in terms of virus prevalence means, and pairwise 
comparisons showed significant difference between the north region and other regions 
(Table 2.4). Statistical tests show that HzNV-2 prevalence in migrating populations 
(northern) are significantly lower than that of overwintering populations (Deep-south and 
Mid-south). In southern overwintering populations, HzNV-2 appears around 20th and 23rd 
weeks of the year (deep south and mid-south, respectively) but in northern populations, the 
virus first appears around the 26th week with the appearance of migrating populations from 
the south. 
The correlation between prevalence and temperature occurs potentially due to 
increasing host population density. (Fig. 2.7). In addition to climatic factors, prevailing 
winds play an important role in Heliothine dispersal. In North America, March and April 
are the windiest months and in this time frame, northerly prevailing winds become more 
southerly winds (Ward, 1916; Westbrook & López, 2010; Jones et al., 2019). This 
transition in prevailing wind regime in the spring months can be the primary factor driving 
recolonization of non-overwintering regions. In conjunction with these prevailing winds, 
climatic pressure gradients are also effective in the cool layer of air that forms at night 
adjacent to the ground (nocturnal boundary layer) (Drake, 1984; Drake & Farrow, 1988; 
35 
 
Lingren et al., 1995; Sandstrom et al., 2007) where macro-insects use most for dispersal 
and migration.  
Analysis of the Puerto Rico dataset indicated that the HzNV-2 can only be detected 
from abdominal tissues since no virus DNA was detected from thorax and leg tissues. Even 
though this result is predictable from virus pathology, further studies with greater statistical 
power are needed to verify this phenomenon. As these samples were collected and prepared 
by professionals, from different host plants in different time frames, cross contamination 
is unlikely to be an issue for this dataset  
Another significant outcome of this survey is the evidence of a novel nudivirus 
species detected in H. virescens populations. The host species identification was verified 
using a specific primer set (Table 2.2) that targets a deletion in the H. virescens host 
genome (Gilligan et al., 2015). These assays indicate that a novel nudivirus is circulating 
in southeastern H. virescens populations with mean 4.2% incidence rate. Moreover, DNA 
sequencing and phylogenetic analysis of the amplimer dataset showed a significant 
divergence between HzNV-2 and H. virescens nudivirus (Fig. 2.4). Further information on 
genomic features and secondary haplotypes are presented in Chapter 4. However, all the 
findings represented here do not provide sufficient data to fully describe the regional 
origins, transmission and interaction of this new virus with its H. virescens host. Once 
isolated and propagated in the laboratory, the H. virescens nudivirus can be investigate for 
its pathology and potential as a biopesticide.  
Finally, my findings serve as a starting point for future HzNV-2 researchers, field 
professionals and developers of bioinsecticides. The sampling method we developed for 
this study can be used for other insect taxa to study novel entomopathogens. Since the wet 
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laboratory techniques and the workflow described here are safe and cost effective, it can 
be used for educational purposes or can be used safely to train medical/forensic personnel 
and may help citizen scientists to contribute similar research projects to extend sample 








Field samples were collected using the sampling kit that contains information sheet (a), 
filter paper for abdominal tissue blotting (b), and a glassine envelope for preventing 




Figure 2.2: PCR sensitivity assay: Comparison of PCR results that are produced using 
standard spin column extraction method (left) and TE buffer extraction method (right). 
 
 
The multiplexed PCR method for screening field-collected samples uses two sets of 
primers. On the left panel, PCR with undiluted TE buffer extraction of female plug failed 




Figure 2.3: Multiple sequence alignment of 310 nudivirus amplimer sequences. 
 
 
SNPs and deletions are indicated in colors and spaces. Low quality bases were trimmed 
using UGENE trimming workflow. First line in the list shows the consensus sequence. 
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Figure 2.4: Summary of the phylogenetic relations among the amplimer sequences. A 350 
bp section of all nudivirus samples were sequenced and 217 bp alignment block was used 








A total of 1403 samples were collected from H. zea populations. PCR testing of these 
samples revealed 292 HzNV-2 positives with 20.81% prevalence on average. The area of 







Figure 2.6: HvNV detections and underlying prevalence heatmap in feral H. virescens 
populations. 
 
A total of 675 samples were collected from H. zea populations. PCR test of these samples 






Figure 2.7: Aggregated monthly HzNV detection in corn earworm (H. zea) and tobacco 
budworm (H. virescens) populations with monthly temperature averages. 
 
 
A positive correlation between HzNV prevalence and average monthly temperatures was 
detected (rzea=0.791, rvirescens = 0.692). This correlation is also influenced by host biology 









































Table 2.1: Protocol for DNA extraction from whole insect samples. 
Reagents and Materials  
Digestion Buffer (pH 8.0)* Chilled Ethanol (70% and 98%) 
Proteinase K (20 mg/mL) Pipettes and tips 
Sodium Acetate 3M (pH 5.2) 1.5 mL microcentrifuge tubes 
*per 100 mL = 92.14 µL ddH20 + 2mL EDTA + 0.66 mL Tris + 5mL SDS + 0.2 mL NaCl  
 
Equipment 
• Heat block, Centrifuge, and Vortex  
 
Procedure 
Tissue Digestion  
• Add 5 µL Proteinase K to each 200 µL of Digestion Buffer (final 0.5mg/mL) 
• Place pieces of the abdomen in each of the solutions. Sanitize tools in between 
each.  
• Place in the heat block for 25 minutes at 55 oC.  
• Vortex and place in the centrifuge at max speed for 20 minutes  
• Transfer Supernatant into the new tube 
 
Precipitation of Protein and Cell Debris  
• Add 1/10 volume of Sodium Acetate 3M pH 5.2 (final 0.3M) 
• Invert to mix and put in a -20 degree celsius for 15 minutes  
• Centrifuge at max speed for 20 minutes  
• Transfer 300 µL of supernatant to a new tube  
 
Precipitation of Nucleic Acids  
• Add 600 µL of 98% ethanol (final 60-80%) 
• Mix gently by inverting and incubate for 20 minutes at -20 oC  
• Centrifuge at max speed for 20 minutes  
• Wash pellet with ethanol and discard supernatant 
• Place pellet in heat block until dry  
• Resuspend in nuclease-free water  
 
This protocol was modified from Sambrook & Russell, 2006 
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Table 2.2: List of PCR primers used for screening HzNV-2 presence in field-collected 
samples. 
Name Direction Sequence Amplimer Size 
P4 Forward GCACGATTCCGTAATGTTC 
404 bp 
P4 Reverse GCACACCTATCAATCACC 
P13 Forward TCGATGCCGTAATACC 
320 bp 
P13 Reverse GTCGCTGAATCAAGTCTG 
Hvir Forward GAACCTGCGGAAGGATCATTAAC 
H. zea: 448 bp, 





Annealing temperature for P4, P13 (Lupiani et al., 1999) and Hvir are 52°C, 52°C and 
58°C respectively. Hvir primers amplify an internal transcriber spacer (ITS1) flanked by 
18S and 5.8S RNA encoding sequences. A 35 bp deletion in H. virescens ITS1 is 
distinguishable from H. zea ITS1. 
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Table 2.3: Summary of the HzNV incidence in H. zea populations. 
State County 
Nudivirus 
Positive Total Samples Prevalence (%) 
AL DeKalb 6 66 9.09 
 Shorter 8 54 14.81 
AR Chicot 6 12 50.00 
 Lonoke 22 86 25.58 
 Camden 1 5 20.00 
 Scott 1 5 20.00 
AZ Pima 0 18 0.00 
 Yuma 0 6 0.00 
FL Alachua 4 13 30.77 
 Levy 2 8 25.00 
 Marion 2 9 22.22 
GA Tift 24 91 26.37 
IA Story 0 6 0.00 
IL Champaign 0 1 0.00 
 Franklin 0 4 0.00 
 Warren 1 12 8.33 
IN Knox 3 12 25.00 
 Porter 0 23 0.00 
 Randolph 0 12 0.00 
 Tippecanoe 0 12 0.00 
 Whitley 0 12 0.00 
KY Caldwell 2 5 40.00 
 Fayette 4 72 5.56 
LA Bossier 47 138 34.06 
 Franklin 4 24 16.67 
MS Lowndes 13 65 20.00 
 Jackson 7 29 24.14 
 Lauderdale 6 6 100.00 
 Noxubee 6 36 16.67 
 Oktibbeha 0 3 0.00 
NC Washington 3 60 5.00 
NE Clay 1 6 16.67 
 Lincoln 18 84 21.43 
OH Columbus 8 60 13.33 
OK Jackson 16 36 44.44 
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Table 2.3 (continued) 
 
 
SC Barnwell 11 36 30.56 
SD Brookings 0 5 0.00 
TN Crockett 1 6 16.67 
 Dyer 1 6 16.67 
 Gibson 3 7 42.86 
 Jackson 13 60 21.67 
 Madison 3 46 6.52 
TX Andrews 3 5 60.00 
 Crosby 16 47 34.04 
 Lynn 8 12 66.67 
 Terry 0 6 0.00 
UT Box Elder 0 4 0.00 
 Cache 0 3 0.00 
 Millard 0 1 0.00 
 Utah 0 1 0.00 
 Weber 0 3 0.00 
WI Columbia 15 64 23.44 
Total  292 1403 20.81 
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Table 2.4: HzNV prevalence in North, Mid-South and Deep South regions with logistic 
regression results 
Region Nudivirus Positives Sample Size Prevalence (%) 
North 46 349 13.18 
Survey Average 292 1403 20.81 
Mid-South 106 476 22.27 
Deep South 140 578 24.22  
 
 
North states: IA, IL, IN, NE, OH, SD, UT, and WI. 
Mid-south states: AR, AZ, KY, NC, OK, TN, and TX. 
Deep south states: AL, FL, GA, LA, MS, and SC. 
 
Two separate comparisons were performed using logistic regression method. In the first 
comparison, no significant difference between mid-south and deep-south was detected 
based on prevalence rates (Df = 11; z = -0.125, p = 0.902). In the second comparison, 
there was a significant difference in prevalence rates between north and south (mid-south 






Table 2.5: Concatenated weekly table of HzNV-2 prevalence and incidence in H. zea 
populations 






IL 0 (5) 0 (7)
IN 0 (1) 0 (5) 0 (8) 0 (12) 0 (3) 0 (12) 0 (12)
OH 0 (1)
SD 0 (5)
UT 0 (4) 0 (8)








KY 0 (1) 0 (1)
NC 0 (3) 0 (6) 0 (6) 0 (6) 0 (12) 0 (6)
OK










AL 0 (6) 0 (6)
FL 0 (3) 0 (3) 0 (2)
GA 0 (7)
LA 0 (6) 0 (6)




















































































































































































Color intensity of each cell is correlated with prevalence rate and numbers in parentheses 










Table 2.6: Summary of the Puerto Rico dataset 
Tube ID Species Identification method Locality Date collected Latitude Longitude Crop 
DNA 
source 
t4 H. zea genital morphology Guánica 24-Aug-16 17.98633 -66.90435 pepper thorax 
t5 H. zea genital morphology Guayama 24-Aug-16 17.98781 -66.21546 soybean thorax 
t7 H. zea genital morphology Guayama 24-Aug-16 17.98781 -66.21546 soybean thorax 
t8 H. zea genital morphology Guayama 24-Aug-16 17.98781 -66.21546 soybean thorax 
t10 H. zea genital morphology Añasco 24-Feb-16 18.27339 -67.15700 corn leg 
t11 H. zea genital morphology Añasco 24-Feb-16 18.27470 -67.15669 pepper leg 
t12 H. zea genital morphology Añasco 9-Mar-16 18.27339 -67.15700 corn leg 
t13 H. zea genital morphology Añasco 9-Mar-16 18.27470 -67.15669 pepper leg 
t14 H. zea genital morphology Aguadilla 24-Feb-16 18.44705 -67.12185 pigeonpea
pepper leg 
t15 H. zea genital morphology Sabana 
Grande 22-Feb-16 18.08432 -66.94881 pigeonpea leg 
t16 H. zea genital morphology Sabana 
Grande 7-Mar-16 18.08432 -66.94881 pigeonpea leg 
t17 H. zea genital morphology Lajas 4-Apr-16 18.03219 -67.07036 corn leg 
t18 H. zea genital morphology Lajas 2-May-16 18.03189 -67.07178 corn/Phase
olus  leg 
t19 H. zea genital morphology Lajas 16-May-16 18.03189 -67.07178 corn/Phase
olus  leg 
t20 H. zea genital morphology Lajas 14-Jun-16 18.03189 -67.07178  leg 
t21 H. zea genital morphology Mayagüez 19-May-16 18.21997 -67.1443 corn leg 
t22 H. zea genital morphology Mayagüez 7-Oct-16 18.21991 -67.14683 tomato/cor
n leg 
t23 H. zea genital morphology Isabela 24-Feb-16 18.46305 -67.05431 corn leg 
t24 H. zea genital morphology Isabela 9-Mar-16 18.47076 -67.04997 soybean leg 
t25 H. zea genital morphology Isabela 4-Apr-16 18.46653 -67.04546 crotalaria leg 
t26 H. zea genital morphology Isabela 5-May-16 18.47076 -67.04997 soybean leg 
t27 H. zea genital morphology Isabela 31-May-16 18.47076 -67.04997  leg 
t28 H. zea genital morphology Isabela 13-Jul-16 18.47076 -67.04997 sorghum leg 
t29 H. zea genital morphology Isabela 31-Aug-16 18.47076 -67.04997  leg 
t30 H. zea genital morphology Isabela 31-Aug-16 18.47093 -67.04815 phaseolus  leg 
t31 H. zea genital morphology Isabela 7-Sep-16 18.47076 -67.04997  leg 
t32 H. zea genital morphology Isabela 7-Sep-16 18.47076 -67.04997  leg 
t33 H. zea genital morphology Isabela 22-Sep-16 18.47076 -67.04997  leg 
t34 H. zea genital morphology Isabela 25-Oct-16 18.47076 -67.04997  leg 
t35 H. zea genital morphology Juana Diaz 30-Mar-16 18.02813 -66.52991 phaseolus  leg 
t36 H. zea genital morphology Juana Diaz 30-Mar-16 18.02813 -66.52991 phaseolus  leg 
t37 H. zea genital morphology Juana Diaz 21-Oct-16 18.03151 -66.52896 phaseolus  leg 
t38 H. zea genital morphology Juana Diaz 4-Nov-16 18.03151 -66.52896  leg 
t39 H. zea genital morphology Guánica 22-Feb-16 18.00935 -66.89254 pigeonpea 
sunflower leg 
t40 H. zea genital morphology Guánica 7-Mar-16 17.97986 -66.90089 pepper leg 
t41 H. zea genital morphology Guánica 4-Apr-16 17.99534 -66.96012 soybean leg 
t42 H. zea genital morphology Guánica 2-May-16 18.07454 -66.96381 pepper leg 
t43 H. zea genital morphology Guánica 16-May-16 17.97986 -66.90089  leg 
t44 H. zea genital morphology Guánica 31-May-16 17.97986 -66.90089  leg 
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Table 2.6 (continued) 
 
t45 H. zea genital morphology Guánica 14-Jun-16 17.97986 -66.90089  leg 
t46 H. zea genital morphology Guánica 28-Jun-16 17.97986 -66.90089  leg 
t47 H. zea genital morphology Guánica 16-Jul-16 17.97986 -66.90089  leg 
t48 H. zea genital morphology Guánica 26-Jul-16 17.97986 -66.90089  leg 
t49 H. zea genital morphology Guánica 10-Aug-16 17.97986 -66.90089  leg 
t50 H. zea genital morphology Guánica 7-Sep-16 17.97986 -66.90089  leg 
t51 H. zea genital morphology Guánica 21-Sep-16 17.97986 -66.90089  leg 
t52 H. zea genital morphology Guánica 7-Oct-16 17.97986 -66.90089  leg 
t53 H. zea genital morphology Guánica 19-Oct-16 17.97986 -66.90089  leg 
t54 H. zea genital morphology Guánica 4-Nov-16 17.97986 -66.90089  leg 
t55 H. zea genital morphology Santa Isabel 22-Feb-16 17.98297 -66.41855 tomato leg 
t56 H. zea genital morphology Santa Isabel 22-Feb-16 18.03792 -66.39095 pepper leg 
t57 H. zea genital morphology Santa Isabel 7-Mar-16 17.98297 -66.41855 tomato leg 
t58 H. zea genital morphology Santa Isabel 7-Mar-16 17.99873 -66.41795 tomato leg 
t59 H. zea genital morphology Santa Isabel 4-Apr-16 17.98297 -66.41855 tomato leg 
t60 H. zea genital morphology Santa Isabel 4-Apr-16 17.99873 -66.41795 tomato leg 
t61 H. zea genital morphology Santa Isabel 2-May-16 17.99769 -66.42598 tomato leg 
t62 H. zea genital morphology Santa Isabel 2-May-16 17.99769 -66.42598 tomato leg 
t63 H. zea genital morphology Santa Isabel 9-May-16 17.99873 -66.41795 tomato leg 
t64 H. zea genital morphology Santa Isabel 9-May-16 17.98287 -66.43085 pepper leg 
t65 H. zea genital morphology Santa Isabel 16-May-16 17.99756 -66.42691 tomato leg 
t66 H. zea genital morphology Santa Isabel 16-May-16 17.99756 -66.42691 tomato leg 
t67 H. zea genital morphology Santa Isabel 31-May-16 17.98287 -66.43085  leg 
t68 H. zea genital morphology Santa Isabel 14-Jun-16 17.98547 -66.42914 pepper leg 
t69 H. zea genital morphology Santa Isabel 14-Jun-16 17.98547 -66.42914 pepper leg 
t70 H. zea genital morphology Santa Isabel 28-Jun-16 17.98547 -66.42914 pepper leg 
t71 H. zea genital morphology Santa Isabel 28-Jun-16 17.98547 -66.42914 pepper leg 
t72 H. zea genital morphology Santa Isabel 12-Jul-16 17.98547 -66.42914 pepper leg 
t73 H. zea genital morphology Santa Isabel 12-Jul-16 17.98547 -66.42914 pepper leg 
t74 H. zea genital morphology Santa Isabel 28-Jul-16 17.98547 -66.42914 pepper leg 
t75 H. zea genital morphology Santa Isabel 10-Aug-16 17.98547 -66.42914 pepper leg 
t76 H. zea genital morphology Santa Isabel 24-Aug-16 17.98547 -66.42914 pepper leg 
t77 H. zea genital morphology Santa Isabel 7-Sep-16 17.98547 -66.42914 pepper leg 
t78 H. zea genital morphology Santa Isabel 7-Oct-16 17.98547 -66.42914 pepper leg 
t79 H. zea genital morphology Santa Isabel 4-Nov-16 17.98547 -66.42914  leg 
t80 H. zea genital morphology Guayama 7-Sep-16 17.98719 -66.21555 soybean leg 
t81 H. zea genital morphology Guayama 21-Sep-16 17.98719 -66.21555 soybean leg 
e1 H. zea Real Time PCR ITS1 Isabela 17-Feb-16 18.47076 -67.04997 soybean abdomen 
e2 H. zea Real Time PCR ITS1 Isabela 20-Apr-16 18.46653 -67.04546 crotalaria abdomen 





Table 2.6 (continued) 
 
e4 H. zea Real Time PCR ITS1 Santa Isabel 7-Mar-16 17.98297 -66.41855 tomato abdomen 
e5 H. zea Real Time PCR ITS1 Santa Isabel 7-Mar-16 17.98297 -66.41855 tomato abdomen 
e6 H. zea Real Time PCR ITS1 Santa Isabel 7-Mar-16 17.99873 -66.41795 tomato abdomen 
e7 H. zea Real Time PCR ITS1 Guánica 22-Feb-16 18.00935 -66.89254 pigeonpeas
sunflower abdomen 
e8 H. zea Real Time PCR ITS1 Santa Isabel 7-Mar-16 17.98297 -66.41855 tomato abdomen 
e9 H. zea Real Time PCR ITS1 Santa Isabel 7-Mar-16 17.99873 -66.41795 tomato abdomen 
e10 H. zea Real Time PCR ITS1 Santa Isabel 7-Mar-16 17.99873 -66.41795 tomato abdomen 
e11 H. zea Real Time PCR ITS1 Guánica 2-May-16 18.00935 -66.89254 pigeonpeas
unflower abdomen 
e12 H. zea Real Time PCR ITS1 Guánica 28-Jun-16 17.98633 -66.90435 pepper abdomen 
e13 H. zea Real Time PCR ITS1 Santa Isabel 2-May-16 17.99769 -66.42598 tomato abdomen 
e14 H. zea Real Time PCR ITS1 Juana Diaz 7-Mar-16 18.02813 -66.52991 phaseolus  abdomen 
e15 H. zea Real Time PCR ITS1 Santa Isabel 2-May-16 17.99873 -66.41795 tomato abdomen 
e16 H. zea Real Time PCR ITS1 Santa Isabel 24-May-16 17.98297 -66.41855 tomato abdomen 
e17 H. zea Real Time PCR ITS1 Guánica 31-May-16 17.98633 -66.90435 pepper abdomen 
e18 H. zea Real Time PCR ITS1 Guánica 31-May-16 17.98615 -66.90225 tomato abdomen 
e19 H. zea Real Time PCR ITS1 Guánica 31-May-16 17.98615 -66.90225 tomato abdomen 
e20 H. zea Real Time PCR ITS1 Santa Isabel 31-May-16 17.98493 -66.42953 pepper abdomen 
e21 H. zea Real Time PCR ITS1 Santa Isabel 31-May-16 17.98493 -66.42953 pepper abdomen 
e22 H. zea Real Time PCR ITS1 Santa Isabel 31-May-16 17.98547 -66.42914 pepper abdomen 
e23 H. zea Real Time PCR ITS1 Santa Isabel 31-May-16 17.98369 -66.42665 pepper abdomen 




Table 2.7: Summary of the nudivirus incidence in H. virescens populations. 
State County NV Positives Total Samples Prevalence 
AR Ashley 0 6 0 
 Desha 0 18 0 
LA Bossier 26 540 4.81% 
MS Lowndes 0 34 0 
 Noxubee 3 77 3.89% 











CHAPTER 3:  DIGITAL SURVEY OF HELICOVERPA ZEA NUDIVIRUS 
3.1 Introduction 
An unprecedented amount of genetic data has accumulated in public databases and 
it is increasing daily. This presents many opportunities for new approaches to investigate 
biology, and in particular, pathogens associated with large data sets. The NCBI database 
contains more than 1.8 billion genetic sequences and 24.7 million of them were deposited 
between June 2021 and August 2021 (ncbi.nlm.nih.gov/genbank/statistics). Modern next-
generation sequencing platforms (NGS) generate vast amount of read data in an untargeted 
fashion. Most of these platforms use microfluidic flow cells to hybridize DNA fragments 
on to an adapter-coated glass slide and perform sequencing by synthesis. In general, flow 
cells are designed to generate millions of reads in a massively parallelized manner. Some 
library preparation methods involve a random DNA fragmentation step in which the entire 
genetic material is processed and fragmented haphazardly. This randomized and massively 
parallelized sequencing strategy enables reconstruction of genomic and transcriptomic 
composition and further investigation of variation discovery and pathological diagnosis 
(Lipkin, 2013; Parize et al., 2017). 
The term big data refers to a paradigm shift in which the data generated with these 
new technologies overwhelms the methods conventionally used. The average data size 
generated by a NGS system is larger - by orders of magnitude, compared to previous 
generation Sanger sequencing systems. Naturally, these larger datasets require significant 
amounts of computing power and network resources to obtain the raw data from the 
database and perform the statistical analyses. Recent advances in data processing 
technologies and the introduction of high-power computing resources to a broader range 
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of analysts allowed researchers to run many resource demanding algorithms in a time and 
cost-effective manner. Data mining is the process of probing large datasets to find patterns 
and valuable information by using specific software and analytic tools. Medical data 
mining has been a standard procedure since the discovery of DNA sequencing in the early 
1970s. In the following decades, introduction of low cost, high-throughput sequencing and 
data mining applications provide new approaches to investigate infectious diseases 
(Goldberg et al., 2015; Lecuit & Eloit, 2015) and they have been widely employed during 
CoVID-19 pandemic (Kumar Das et al., 2021). Here, in this chapter, I use data mining 
methods to investigate nudivirus presence in public sequence databases. 
Insect viruses are a diverse group of entomopathogens with nearly 1200 known 
strains that infect more than 20 insect families (Grzywacz, 2017). An understudied group 
of entomopathogens, the Nudiviruses, were formally classified as a non-occluded 
Baculovirus subfamily as they don’t routinely form proteinaceous inclusions or, polyhedral 
bodies, that are typical of the baculoviruses, entomopoxviruses, granuloviruses and 
cypoviruses. Comparative genomics showed that two insect virus families, the Nudiviridae 
and the Baculoviridae, evolved from a common ancestor nearly 310 million years ago 
(Thézé et al., 2011). These two large dsDNA virus families share at least 15 homologous 
core genes (Wang, et al., 2007) but can differ significantly in terms of pathology and life 
cycle. Despite the taxonomic uncertainties in the Nudiviridae family, there are several well 
studied members that are capable of replicating in insect fat body, midgut and reproductive 
tissues and cause distinct pathologies. 
Helicoverpa zea nudivirus–2 (HzNV-2) is a sexually transmitted nudivirus that 
causes anomalies in H. zea (corn earworm) reproductive organs. It also exhibits a biphasic 
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replication pattern where the infection is asymptomatic in latent phase and productive in 
lytic phase. Most HzNV-2 infections are asymptomatic having no morphological or 
physiological signs of pathology or detectable replication, however, almost one third of all 
HzNV-2 infections are productive (lytic) and this phase is characterized by fused gonadal 
and reproductive tract tissues that secrete virus particles in vesicles from the female genital 
opening that eventually forms a visible genital plug (Burand & Lu, 1997; Raina & Adams, 
1995; Rallis & Burand, 2002b). Another symptom of infection is that the pheromone gland 
is hypertrophied, functional and produces elevated synthesis and release of pheromone.  
Females continue to call after mating attempts which enhances virus transmission to, and 
infection of, males which can then transmit virus to uninfected females in subsequent 
matings (Burand et al., 2005; Burand & Tan, 2006). Such changes in mating behavior, 
along with viral plug formation, help the virus to spread horizontally more efficiently. 
HzNV-2 is also transmitted vertically through generations via transovarial infections. In 
this case, the biphasic mode is dose-dependent and influenced by oviposition day (Burand 
& Rallis, 2004) with lower infectious doses and earlier oviposition days favoring latent 
infections. All these pathological features and host behavior modifications support rapid 
and efficient HzNV-2 transmission and persistence making it a potential candidate for 
development as a biopesticide for corn earworm management. 
In a previous chapter, I used a more conventional PCR-based screening method to 
conduct a large-scale Heliothine nudivirus prevalence survey concentrated in the Cotton 
Belt but also including other regions of the U.S. I found that the HzNV-2 prevalence 
reaches up to 40% at some sampling locations in the cotton belt. I also detected significant 
nudivirus presence in a closely related host species, Heliothis virescens using conserved 
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nudivirus primers and subsequently HzNV specific PCR primers. In this chapter, we use 
bioinformatic tools and computational resources to survey for nudivirus presence in 
NCBI’s lepidopteran sequence read archives (SRA) and nucleotide database. Additionally, 
we perform short nucleotide variation (SNV) analyses based on nudivirus sequences found 
in H. armigera and H. zea host populations to investigate differences in nucleotide 
polymorphisms between locations, host species and reference genomes. Finally, I consider 
possible hypotheses on nudivirus global distribution patterns inclusive of Asia, North and 
South America. 
 
3.2 Material and Methods 
In this “digital survey” of nudivirus species and distribution, I explored NCBI’s 
(National Center for Biotechnology Information) two massive lepidopteran data sources: 
the Sequence Read Archive (SRA) and the nucleotide (NUC) database. These databases 
differ significantly in both data types and sources; the SRA database is exclusively for 
storing raw or minimally-processed public NGS data and the nucleotide database contains 
various relatively short individual sequences such as genes, short genomes, transcript data 
and sequences from different sources and studies. I developed two custom BASH (GNU 
Shell Emulator and Command Language Interpreter) scripts for data mining nudivirus 
sequences in these data sources. The first script (SRA_pipeline) executes a four-step 
workflow for each SRA experiment across the entire lepidopteran sequence database (Fig. 
3.1). The second script (NUC_pipeline) follows a similar approach but uses different tools 
to collect all individual lepidopteran sequences into a large multi-FASTA file (Fig. 3.2). 
Following the pre-processing step, both scripts proceed with read-mapping in which short 
58 
 
nucleotide sequences are aligned to HzNV-1 and HzNV-2 reference genomes using the 
HiSAT2 program (D. Kim et al., 2015). This alignment step generates a sequence 
alignment/map (SAM) file that contains sequence information, quality scores, genomic 
coordinates and other details (H. Li et al., 2009) for each SRA experiment. Defining two 
reference genomes for sequence mapping, even though differences between them are 
subtle, remarkably increases the number of presumptive nudiviral sequence hits to the only 
the HzNV-1 genome but also generates many identical hits. In both pipelines, this problem 
was addressed by splitting the SAM files based on reference origin and these single-
genome SAM files were then analyzed separately (Fig. 3.4). 
 
3.2.1 SRA Database Mining 
SRA mining was performed on NCBI’s entire lepidopteran taxonomy with the help 
of a series of free and open source programs. A list of lepidopteran SRA experiments was 
downloaded through NCBI’s web interface 
(https://www.ncbi.nlm.nih.gov/sra/?term=txid7088[Organism:exp) and these experiments 
were processed with a pipeline in which the output of a program acts as the input to another 
program. The SRA pipeline consists of four main steps; i) data download and conversion, 
ii) trimming and quality control, iii) alignment and homology checks, and iv) post-
processing by removing tandem repeats, read duplicates and reference-based separation of 
final alignments. In the first step, raw SRA experiments are downloaded to LCC storage 
node and converted into FASTQ format using fastq-dump program 
(https://github.com/ncbi/sra-tools). The second step involves removal of sequencing 
adapters and low quality bases from the read ends using trim-galore software package 
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(Martin, 2011) with default quality scoring settings (Phred score: 20, error rate: 0.1, and a 
minimum length of 50 bp after trimming) (Fig. 3.3). In the third step, high quality SRA 
reads are mapped against both HzNV-1 and HzNV-2 genomes using a fast and sensitive 
short read aligner, HiSAT2 with relaxed mismatch penalty (default max. 6 and min 2; 
relaxed max. 2 and min. 1) and gap open/extend penalty (rdg and rfg; default value is 5, 3; 
relaxed value is 2,) parameters (Fig. 3.1). HiSAT2 is a splice-aware program so genomic 
and transcriptomic data can be processed concurrently. It also requires reference genomes 
to be sorted and indexed so another open-source program, samtools (H. Li et al., 2009) was 
used for these operations. Read alignments re-evaluated via blastn program (Camacho et 
al., 2009) with local HzNV-1 and HzNV-2 references and sequence homology was 
assessed based on alignment scores and e-value (< e-10). Lastly, SAM files were post-
processed using the GNU sed program (https://www.gnu.org/software/sed/) to remove 
uninformative tandem repeats (Fig 3.3) and ‘rmdup’ function in samtools to remove read 
duplicates (Fig. 3.4). Duplicate reads may occur in two ways; as a result of excessive PCR 
amplification and/or due to optical errors. PCR amplification is an essential step in some 
library preparation protocols. If two or more PCR amplimers attach to different spots on a 
flow cell, identical reads are generated during sequencing. Therefore, any duplicate 
variation in the original sequence will be overrepresented in the raw dataset. Additionally, 
optical duplicates may occur if the florescence from a single reaction spot is picked up by 
two or more sensors. These processes create two or multiple read duplicates which can be 
automatically detected and removed by samtools program. For reasons discussed above, 
the duplicate detection and removal step is crucial for all NGS datasets in order to minmize 
biases in downstream analysis. 
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 Tandem repeats are a major issue in read mapping as they align to reference 
genome with high scores but a global BLAST query of these repeats usually yield no results 
or they align with many other distant organisms. These repeats were considered to be 
uninformative and were removed from the datasets. In addition to tandem repeat removal, 
paired-end reads were also decoupled because the paired-end reads actually contain two 
distinct sequences under a shared read code. This process reduces the complexity in the 
datasets so all the paired short reads treated as single reads after post-processing step. 
Moreover, SAM files were split into two based on reference origin via BASH script that 
reads “REF” information in each line and extracts that line to a separate file (Fig. 3.4). 
Also, I calculated the number of reads that uniquely matches to either HzNV-1 or HznV-2 
by subtracting the number shared reads from all matches (n{HzNV1} + n{HzNV2} – 
n{HzNV1 ∩ HzNV2}) so multiple reads are avoided in combined analyses. Finally, after 
the read-mapping and post-process steps, the pipeline proceeds with the next SRA 
experiment in the list and runs the programs again with this new dataset. The alignment 
summary of all experiments was compiled using the ‘stats’ function which is a part of 
Samtools program. 
 
3.2.2 Nucleotide Data Mining 
Another custom BASH script (NUC_pipeline) was written for mining HzNV 
sequences from NCBI’s Nucleotide database. Unlike SRA experiments, entries in this 
section contain a single fragment that ranges between several base pairs to large genomic 
assemblies of several megabases. In order to reduce the workload, sequences smaller than 
1000 bp were not included in the mining process because these short nucleotide sequences 
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usually originate from specific studies which use specific PCR primers to amplify target 
regions so, technically, these amplimers do not contain any extraneous or endogenous viral 
sequence. 
I followed a different approach for obtaining and preparing the nucleotide dataset 
(Fig. 3.2). First, I downloaded the entire lepidopteran sequence data (NCBI:txid7088) that 
is larger than 1000 bp and saved into a large multi-fasta file. This task was achieved via 
esearch and efetch utilities provided by the NCBI. Next, sequences in the multi-fasta file 
was split into 80 bp k-mers and labeled individually using pyfasta package 
(https://github.com/brentp/pyfasta). In general, all the deposited sequences in this section 
are well processed and curated so additional trimming and quality checks were not 
necessary. At this point, the structure of the dataset resembles a large NGS read file where 
each “short read” is originally a fragment of a lepidopteran DNA sequence. This batch 
processing approach was significantly faster than downloading and processing individual 
sequences due to the sheer number of submissions. Lastly, the multi-fasta file was 
converted to a large FASTQ file using seqtk program (https://github.com/lh3/seqtk) and 
the default quality scores were added to fulfill the FASTQ format requirements. Similar to 
SRA workflow, HiSAT2 program was used for reference mapping with relaxed setting and 
blastn software was employed for homology scoring (e-value < e-10). The resulting SAM 
file contained sequences homologous to nudivirus DNA as well as uninformative tandem 




3.2.3 Variation Analysis 
The aim of this procedure is to identify short nucleotide variations (SNVs) and 
predict the translational outcome of these variations by assessing the read alignment scores. 
This analysis procedure has three steps; reference-based separation of reads, and variant 
call, variant annotation and prediction. First, short nucleotide variations in the processed 
viral read datasets are evaluated via ‘mpileup’ function in samtools program with 
polyploidy parameter set to 1 (haploid mode). The ‘mpileup’ function distinguishes low 
quality polymorphisms from real variations by evaluating the alignment scores and read 
depth. This process generates a VCF (variant call format) which stores the coordinates and 
descriptions of nucleotide variations (Fig. 3.4). 
Next, we used a separate program, SnpEff (Cingolani et al., 2012) to annotate and 
predict the effects of each variation for both HzNV-1 and HzNV-2 reference genomes 
(GenBank Accession: AF451898.1 and JN418988.1, respectively). SnpEFF uses genomic 
annotations to determine the location and the effect of nucleotide variation and then 
generates detailed reports about SNV summary, genomic coordinates, and changes in 
protein coding. These genomic annotations (GFF) were downloaded directly from NCBI’s 
website and manually added to snpEff configuration file. SNP summary and statistics were 
obtained from each VCF file to compare the influence of host species, reference type and 
location. 
 
3.2.4 Phylogeographic Analysis 
Following the variation alanylsis, large viral datasets from Brazil were futher 
analyzed to investigate the viral phylogeny in conjunction with Helicoverpa hybridization 
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dynamics. Among these, a subset of 14 most infected datasets were selected based on viral 
read count (N > 1,000 reads) and total coverage (cov > 3). Since these libraries were 
generated based on specific restriction sites, the read coverage was biased and fragmented 
(Fig. 3.6). To overcome this issue, a consensus sequence for each SRA experiment in the 
subset was generated by using sam2consensus software 
(https://github.com/edgardomortiz/sam2consensus) while marking regions with “?” as 
missing data if there is no coverage. Phylogenetic analyses were done using BEAST, 
BEAUti and TreeAnnotator (Suchard et al., 2018) with total chain length of 1.1 M (10% 
burn-in rate), general time reversible substitution model and inverse gamma rate variation 
parameters. The geographical information, sampling locations and hybridization schemes 
were obtained from the original study (Cordeiro et al., 2020) and correlated with 
bioinformatic analyses. 
 
3.2.5 Statistical Analysis 
Statistical tests were performed using SNP percentages which were calculated by 
proportioning the number of SNPs to total dataset coverage. I used t-test and random effects 
ANOVA tests to compare sampling locations, host types and reference types based on SNP 
percentages. In order to compare host species, I used a t-test on H. zea ~ H. armigera 
dataset while excluding other parameters. A one-way ANOVA test was done using the 
entire data generated after “global” variant analysis with single independent variable and 
four groups; Global_Hzea_NV1, Global_Harm_NV1, Global_Harm_NV2, and 
Global_Harm_NV2. These results were further evaluated using a post hoc test using Tukey 
HSD method. The “global” data was partitioned into two independent variables (Location 
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and Host Species) and the reference genome was included as the third factor to perform a 
three-way ANOVA test on global dataset.  
 
3.3 Results 
3.3.1 SRA Dataset 
The lepidopteran subcategory of NCBI’s SRA database contains 35,039 
independent submissions of NGS based experiments, as of October 2021. Among all SRA 
experiments analyzed, 2664 of them matched to HzNV genomic sequence. After removing 
the uninformative tandem repeats, we found 342,187 short reads in 694 different SRA 
datasets that are homologous to either HzNV-1 or HzNV-2 genome. The majority of these 
datasets were generated by three distinct research groups from China (NCBI: 
PRJNA730914, May 2021), Australia (Pearce et al., 2017) and Brazil (Gonçalves et al., 
2019).  The Brazilian study includes biosamples of Helicoverpa zea and Helicoverpa 
armigera and hybrids thereof. Besides these two major crop pests, there was evidence of 
nudiviruses in five other species; Heliothis virescens, Helicoverpa assulta, Spodoptera 
frugiperda, Ostrinia nubilalis and Bombyx mori (Table 3.1 and Table 3.2). Geographical 
distribution of the samples containing nudiviruses range from Brazil to China and 
Australia, Greece to the United States. The largest dataset in this survey was generated by 
researchers from Nanjing Agricultural University which contains 279 individual nudivirus 
infected experiments from H. armigera samples. Another large dataset was generated by 
researchers from University of Sao Paulo – ESALQ (BioProject: PRJNA615801) using 
both H. armigera and H. zea samples. This project contains 172 SRA experiments with 
147 of them showing significant evidence of HzNV infections. Two of these experiments 
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by Cordeiro et al. (2020) SRR11432101 (H. zea) and SRR11432110 (H. armigera) were 
severely HzNV infected constituting 58.03% and 25.97% of all raw sequences 
respectively. Further variation analyses were performed on these two datasets (Table 3.4).  
Helicoverpa zea. Among 118 SRA experiments analyzed, we found HzNV 
sequences in 107 of them. The mining procedure revealed 13341 unique short reads from 
HzNV origin with an average length of 212.2 bp. These experiments were conducted in 
many different locations including Brazil, Greece and the United States. Considering the 
individual SRA projects, the incident rates were 96.2% of projects in Brazil (51 out of 53 
samples), 100% in Greece (8 out of 8) and 84.6% in the US locations (22 out of 26). Besides 
these major datasets, there are also several other experiments with relatively fewer read 
counts (Table 3.1 and Table 3.2). 
Helicoverpa armigera. We analyzed 883 SRA experiments and found nudivirus 
presence in 497 of these experiments with total 98,593 unique reads with an average read 
length of 200.7 bp. Most of the infected H. armigera samples were originally from a single 
study conducted in China (Nanjing Agricultural University) and the incidence rate in this 
study was 94.7% (242 out of 249) with unique read counts ranging from 5 to 8371 per 
experiment. Additionally, 96 out of all 119 SRA experiments from Brazil exhibited HzNV 
sequences and in one experiment (SRR11432110), the number of unique read counts 
reached up to 6412 after the duplicate removal step. Similarly, several nudivirus sequences 
were detected in samples from Australia (Table 3.1) 
Heliothis virescens. The number of SRA experiments deposited in NCBI’s database 
was 31 with 19 of these showing nudivirus traces. The largest dataset in this category was 
originally published by researchers from Western Sydney University (NCBI: 
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PRJNA379496) and a total of 483 HzNV short reads were detected in 4 of their 
experiments. There are also traces of nudivirus sequences in several other H. virescens 
experiments from the US and Germany. Additionally, in this category, the number of the 
reads aligned to HzNV-1 genome was many times higher than the reads that aligned to 
HzNV-2 genome. 
Bombyx mori. The domestic silkworm, Bombyx mori, is a well-studied beneficial 
insect that has more than 2200 SRA experiments deposited to the NCBI’s database. 
Analysis of these experiments revealed many nudivirus sequences in 71 SRA experiments 
(3.16%). Most of the infected experiments were deposited by researchers from the 
Southwestern University (China) and included sequences from both BmE cell-lines and 
dissected silkworm body parts. Additionally, in a study based on BmE cell lines (NCBI: 
PRJNA518741) conducted by the Silkworm Genome Laboratory (China), 2 of the 10 
deposited SRA experiments exhibited 9854 reads of presumptive nudivirus origin with 
over 92% query coverage and 95% sequence identity.  
Spodoptera frugiperda. Bayer Crop Science deposited 30 S. frugiperda datasets to 
the NCBI database (BioProject: PRJNA545483). These datasets were generated from 
pooled samples (50 insects per sample) collected in Brazil. One dataset in this study 
(SRR9289276) yielded 6 short reads that are 150 bp long and covers 173 bp region, with 
more than 94% query coverage and 96% sequence identity to respective HzNV-2 genomic 
regions. These reads were aligned with ORF30 of HzNV-2 genome which is a hypothetical 
protein of unknown function. 
Other groups. Several HzNV-like sequences detected in SRA experiments 
conducted with Helicoverpa assulta and Ostrinia nubilalis samples however these 
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sequences usually resemble conserved genes in their host genome (i.e. 
hydroxymethyltransferases) so they are considered as ambiguous or uninformative. Further 
analyses required for explaining the degree and origin of this type of sequence similarity.  
 
3.3.2 SNP and Variant Analyses 
Variant analysis of all 694 SRA experiments revealed 20,163 unique SNVs across 
the entire nudivirus reads. Among those, 3,335 SNVs were predicted as structural variants 
(Fig. 3.5). Comparison of nudivirus variations showed that H. armigera hosts have 
significantly higher SNP percentages than H. zea host species (t-test, df = 743, p < 0.026) 
however the result of the one-way ANOVA test showed significant differences in all 
pairwise comparisons except the “Global_Hzea_NV2-Global_Hzea_NV1” pair (df = 3, f 
value = 14.486, p < 0.001). On the other hand, the three-way ANOVA test showed that the 
sample location, reference genome and the interaction between them explains the variation 
in SNP percentages (Table 3.3). The interaction between location and reference genome 
indicates that the influence of location on SNP percentages is elevated with the addition of 
reference genome factor. We further analyzed two SRA experiments from Brazil that 
contained high numbers of nudivirus sequences (SRR11432101 and SRR11432110) and 
found that HzNV reads from H. zea sample showed a higher number of mutations than H. 
armigera samples in most common mutation types. In the high impact category which 
defines a group of variations that cause truncated protein or loss of function, H. armigera 
samples showed a higher mutation rate (Table 3.4). Additionally, no SNP effects were 
detected in smaller datasets due to low coverage rates, however, several high impact SNP 
variations that cause start/stop codon loss or frameshift variants detected in some B. mori 
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experiments (Southwest University – China and State Key Laboratory of Silkworm 
Genome Biology – China) and in some H. armigera datasets (BCM – Australia) (Table 3.5 
and Table 3.6). 
 
3.3.3 Phylogeographic Structure 
The phylogeographic analysis was done based on the SRA data generated by 
Cordeiro et al., (2020) where these Brazilian researchers investigated hybridization and 
introgression dynamics between H. armigera and H. zea. The SRA experiments generated 
by these researchers contains large numbers of nudiviral sequences. In addition to their 
datasets, we followed their hybridization scheme to infer phylogeographic structure of 
HzNV strains. Figure 2 (Cordeiro et al., 2020) displays the high and low hybridization 
probability regions between H. armigera and H. zea populations. The cladogram and the 
hybridization probability map (Fig. 3.8) suggest a fairly low hybridization probability for 
SRR11432110.armigera (MTRL) branch and for most of the Piraricaba.zea (SPPI) clade. 
Additionally, higher levels of hybridization probabilities noted in the original study for 
branches and clades in-between. This information can also be interpreted as HzNV host 
range expansion due to hybridization and bilateral virus transmission. 
  
3.3.4 Nucleotide Mining 
As of October 2021, NCBI’s lepidopteran nucleotide database contains 5,473,966 
sequences with sizes range from 3 bp place holder master records to 128,845,201 bp 
chromosomal fragments. After removal of short sequences, the final dataset contained 
1,122,994 distinct nucleotide sequences that are split into 80 bp fragments. Mapping these 
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fragments against HzNV-1 and HzNV-2 reference genomes revealed 200 homologous 
matches. After removing tandem repeats, the remaining 68 short sequences mapped to the 
HzNV genome with relatively high scores and low E-values (Table 3.7). Nine of these 
fragments showed homology to hydroxynethyltransferase enzymes which are also found 
in the host genome, and other sequences aligned to multiple different intergenic regions. 
Also, a majority of the short DNA sequences aligned to HzNV-1 genome (65 out of 68) 
with higher scores compared to a few aligned to HzNV-2 genome (3 out of 68) with high 
scores. Finally, these short sequences were from Helicoverpa zea, Bombyx mori, 




Two large lepidopteran genetic sequence databases were investigated and a total of 
342,187 unique nudivirus sequences were detected in 694 distinct SRA experiments. These 
sequences were mapped to either the HzNV-1 or HzNV-2 genomes with high alignment 
scores and considered as presence of genomic nudivirus-like sequences or in some severe 
cases an indication of an active nudivirus infection. Even though the high alignment scores 
and low BLAST e-values are determined for decision making process, false discovery rate 
adjustments were not applied to datasets due to sheer number of short reads and data 
complexity. Besides it’s known host, H. zea, we found evidence for HzNV-like viruses 
infecting other host species notably H. armigera, H. virescens, and B. mori (insect and cell 
lines). We also found traces of nudivirus sequences in some “pooled” Spodoptera 
frugiperda samples that contained low numbers of nearly identical HzNV sequences. 
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Lastly we discarded samples from 18 other insect species (including H. subflexa, H. assulta 
and B. mandarina) due to low read numbers, poor alignment quality and thus lacking in 
clear evidence of nudivirus infection, although some potential nudivirus sequences were 
also detected in these insects.  
We employed the two known HzNV strains to perform read-mapping in order to 
obtain as much nudivirus sequence as possible. Unexpectedly, when using the HzNV-1 
genome as a reference, we detected almost 3 times more datasets than HzNV-2 reference 
alone.  The number of the viral reads dropped by half when using HzNV-2 based analysis 
(Table 3.1 and Table 3.2). The HzNV-1 genome has two large deletions and several other 
smaller deletions compared to HzNV-2 genome but it is unlikely that these missing 
fragments are the main reason behind the difference in viral detection numbers.  It is likely 
that the sequences found only in HzNV-1 are unrelated to the ancestral nudivirus genome 
but reflect sequences acquired during cell culture passages. 
The digital survey of lepidopteran experiments generated large read datasets that 
allowed us to investigate nucleotide variations in multiple species collected from different 
locations. For each HzNV infected dataset, we generated a detailed report that describes 
the nucleotide variations and their effects on gene expression. Comparison of nucleotide 
variations in two largest datasets (H. zea and H. armigera) obtained from a study conducted 
in Brazil revealed that HzNV-2 found in H. zea host has more SNPs in almost all categories 
except “high impact” compared to H. armigera host. This pattern can be explained by the 
fact that H. zea is the native host for HzNV-2 and thus shows more sublethal variation 
relative to H. armigera which exhibits four high impact variations (i.e. loss of start/stop 
codon and/or frame-shift). Differences in nucleotide variation numbers are an indication of 
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founders effect occurred during bilateral transmission process. Additionally, we calculated 
SNP rates by dividing the number of total SNPs by the read coverage and we used it (in 
percentage form) as an indicator of SNP diversity in corresponding HzNV populations. 
One-factor ANOVA test of stacked SNP percentages showed significant difference 
between host species (Fig. 3.4). On the other hand, the results from the three factor 
ANOVA revealed that the SNP percentage is explained by location, reference and the 
interaction between them (Table 3.2). This result suggests that the variation among HzNV 
strains is primarily associated with the sampling location. 
The datasets surveyed in this study were compiled from many distinct projects and 
experiments designed to answer different questions. As a result, most of the major data 
sources were fragmented both genetically (Figure 3.5 and Figure 3.6) and spatially (Fig. 
3.7). For this reason, it was not possible to make sound inferences beyond nudivirus 
detection, however, we generated a cladogram of 14 high prevalence datasets using a 
Bayesian method that can appropriately process missing data (Fig. 3.8). This cladogram 
was congruent with the hybridization map provided by Cordeiro et al., 2020 and allowed 
us to predict potential interspecies transmission routes between feral H. armigera and H. 
zea populations in Brazil. Also the data suggest that bilateral virus transmission occurred 
via interspecies mating in high hybridization probability zones indicated in the original 
study. 
Besides the experiments submitted to the SRA database, we also analyzed 
sequences in the nucleotide section by splitting each nucleotide sequence into 80 base k-
mers. This method allowed us to process the entire set of lepidopteran sequences similar to 
SRA experiments and we found nudivirus-like sequences in H. zea, H. armigera, H. 
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virescens, B. mori and O. brumata specimens (Table 3.7). Despite the fact that a range of 
nucleotide submissions contain HzNV-like sequences, it was not entirely clear whether 
these sequences originate from the host or nudivirus, partly because a considerable 
knowledge gap exists in HzNV-2 gene functions and annotations. 
In this chapter, we introduce a series of evidences showing that HzNV strains are 
circulating in many feral bollworm populations around the world (Table 3.1 and 3.2), and 
likely cause similar pathologies to those of HzNV-2 infections. The results presented in 
this study may be used as a starting point for investigating, isolating and propagating novel 
Heliothine nudiviruses. Also, the methods described here can be modified to analyze other 
pathogens in different arthropod groups based on a given viral or bacterial genome. 
Moreover, by incorporating a de novo analysis component, this method can be used to 
discover novel extrachromosomal genomes in datasets deposited to public databases. 
In conclusion, I have developed a method for screening HzNV prevalence in public 
short read sequence (SRA) databases using a custom workflow based on existing 
bioinformatic tools and methods. I used read-mapping method to find viral sequences and 
BLAST tool to eliminate low score sequences from downstream analyses.  This workflow 


























Table 3.1: Summary of nudivirus reads that align to HzNV-1 genome 
 













Bombyx mori NCBI GEO 9 94 144.56 0.05 
 
Jiangsu University of Science And 
Technology 10 173 246.40 0.05 
 Shenyang Agricultural University 1 2 299.00 0.05 
 Southwest University 56 53381 245.71 6.19 
 
State Key Laboratory of  Silkworm 
Genome Biology 2 4432 280.50 10.53 
 UT-GALS 2 35 200.00 0.05 
Helicoverpa 
armigera BCM (Australia) 28 849 278.86 0.08 
 Central China Normal University 1 5 90.00 0.11 
 China Agricultural University 5 15 69.60 0.05 
 
Chines Academy of Agricultural 
Sciences 3 27 300.00 0.09 
 
Chinese Academy of Agricultral 
Sciences 30 471 300.80 0.09 
 
CSIR-National Chemical 
Laboratory(CSIR-NCL) 11 468 202.00 0.09 
 CSIRO 9 90 199.89 0.09 
 
Embrapa Genetic Resources And 
Biotechnology 6 237 200.00 0.09 
 NCBI GEO 10 270 231.00 0.09 
 Hainan University 18 323 299.00 0.09 
 Henan Agricultural University 5 75 100.00 0.08 
 
Institute of Plant Protection, Chinese 
Academy of  1 23 180.00 0.09 
 Institute of Zoology, CAS 16 69 170.13 0.07 
 Nanjing Agricultural University 242 83414 321.79 1.76 
 Sun Yat-Sen University 4 22 200.50 0.10 
 University of Sao Paulo-ESALQ 84 7185 168.95 1.88 
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Table 3.1 (continued) 
 
Helicoverpa 
assulta CSIRO 4 31 197.50 0.07 
 
Institute of Plant Protection, Chinese 
Academy of  2 10 200.00 0.08 
 
Max-Planck-Institute For Chemical 
Ecology, Germany 1 1 202.00 0.04 
Helicoverpa zea Agricultural Research Service, US 
Department of Ag 4 20 222.25 0.10 
 BCM (Australia) 7 2767 426.29 0.20 
 
Foundation For Research And 
Technology Hellas (Greece) 8 1735 202.00 0.26 
 Iowa State University 9 573 302.00 0.25 
 The University of Queensland 1 288 200.00 0.26 
 University of Maryland 9 574 302.00 0.21 
 University of Sao Paulo-ESALQ 51 15479 168.82 7.05 
 USDA-ARS 18 3462 84.28 0.24 
Heliothis 
virescens American Museum of Natural History 3 127 250.00 0.15 
 NCBI GEO 1 2 151.00 0.13 
 
Max-Planck-Institute For Chemical 
Ecology, Germany 6 48 201.00 0.10 
 
Max-Planck-Institute For Chemical 
Ecology, Germany 4 32 198.00 0.09 
 University of Maryland, College Park 1 32 202.00 0.05 
 Western Sydney University 4 483 1161.75 0.13 
Spodoptera 
frugiperda Bayer Crop Science 1 2 150.00 0.05 








Table 3.2: Summary of nudivirus reads that align to HzNV-2 genome 
 













Bombyx mori NCBI GEO 8 22 150.13 0.05 
 
Jiangsu University of Science And 
Technology 4 21 202.00 0.05 
 Southwest University 38 67144 223.55 7.13 
 
State Key Laboratory of  Silkworm 
Genome Biology 2 8854 280.50 11.88 
 UT-GALS 2 6 200.00 0.05 
Helicoverpa 
armigera BCM (Australia) 21 43364 577.29 8.29 
 
CSIR-National Chemical Laboratory 
(CSIR-NCL) 2 2 202.00 0.04 
 NCBI GEO 1 1 200.00 0.04 
 
Institute of Plant Protection, Chinese 
Academy Of  1 1 180.00 0.04 
 Institute of Zoology, CAS 1 1 194.00 0.03 
 Nanjing Agricultural University 73 151998 300.00 6.43 
 University of Sao Paulo-ESALQ 68 12605 168.76 3.89 
Helicoverpa zea University of Sao Paulo-ESALQ 52 27828 168.83 11.79 
Heliothis 
virescens 
Max-Planck-Institute for Chemical 
Ecology, Germany 8 17 200.50 0.07 
 University Of Maryland, College Park 1 13 202.00 0.05 
Ostrinia 
nubilalis Tufts University 3 5 166.67 0.04 
Spodoptera 
frugiperda Bayer Crop Science 2 5 150.00 0.06 







Figure 3.4: Comparison of SNP percentages of all viral reads using ANOVA test with 
single independent variable with four groups. 




A) Analysis of Variance Table 
Response: values 
 
             Df  Sum Sq  Mean Sq F value Pr(>F)     
ind           3  165.25  55.084  14.486  3.369e-09  




B) Tukey multiple comparisons of means 
(95% family-wise confidence level) 
Fit: aov(formula = values ~ ind, data = global.stacked) 
 
                                       diff          lwr          upr       p adj 
Global_Hzea_NV1-Global_Harm_NV1 -0.8138783 -1.3498560 -0.2779007 0.0005802 
Global_Harm_NV2-Global_Harm_NV1 0.5241246  0.0739552 0.9742941 0.0148735 
Global_Hzea_NV2-Global_Harm_NV1 -0.9976383 -1.7300210 -0.2652555 0.0026909 
Global_Harm_NV2-Global_Hzea_NV1 1.3380030  0.7163686 1.9596374 0.0000002 
Global_Hzea_NV2-Global_Hzea_NV1 -0.1837599 -1.0323830 0.6648632 0.9445142 




Table 3.3: Summary of the three-factor ANOVA test 
                        Df Sum Sq Mean Sq F value Pr(>F)     
Location  4 398.7 99.66 29.558 < 2e-16  
HostSpecies 1 0.1 0.13 0.039 0.843     
Reference  1 67.8 67.76 20.096 8.45e-06  
Location:Reference 2 84.0 41.99 12.452 4.73e-06  
HostSpecies:Reference 1 0.2 0.25 0.074  0.786     
Residuals  796 2684.0 3.37                      
 
 
SNP percentage dataset was analyzed using three-factor ANOVA test and found 
significant difference between locations, reference genomes and the interaction between 
these two factors. The interaction between location and reference genome indicates that 
the influence of location on SNP percentages is elevated with the addition of reference 









Table 3.4: SNP annotations and effect predictions of two largest HzNV datasets from 









Host: H. zea (SRR11432101)  Host: H. armigera (SRR11432110) 
  
Number of effects by type and region Number of effects by type and region 
 Count %   Count % 
conservative_inframe_deletion  1 0  conservative_inframe_deletion  1 0 
conservative_inframe_insertion  1 0  conservative_inframe_insertion  1 0 
disruptive_inframe_deletion  2 0  disruptive_inframe_deletion  2 0 
disruptive_inframe_insertion  1 0  downstream_gene_variant  2948 0.43 
downstream_gene_variant  3186 0.45  frameshift_variant  2 0 
frameshift_variant  1 0  intergenic_region  579 0.08 
intergenic_region  519 0.07  missense_variant  226 0.03 
missense_variant  289 0.04  splice_region_variant  4 0 
splice_region_variant  4 0  start_lost  1 0 
stop_retained_variant  4 0  stop_lost  1 0 
synonymous_variant  362 0.05  stop_retained_variant  3 0 
upstream_gene_variant  2760 0.39  synonymous_variant  300 0.04 
    upstream_gene_variant  2756 0.4 
    
Number of effects by impact  Number of effects by impact 
 Count %   Count % 
HIGH  1 0  HIGH  4 0 
LOW  366 0.05  LOW  303 0.04 
MODERATE  294 0.04  MODERATE  230 0.03 
MODIFIER  6465 0.91  MODIFIER  6283 0.92 
     
Number of effects by functional class   Number of effects by functional class  
 Count %   Count % 
MISSENSE  289 0.44  MISSENSE  228 42.938%  
SILENT  366 0.56  SILENT  303 57.062%  
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Figure 3.7: Sampling locations and nudivirus prevalence for samples collected from 
Brazil. 
 




























Figure 3.8: Sampling locations with hybridization probabilities (modified from Cordeiro 
et al., 2020) along with the cladogram generated with 14 largest HzNV datasets. Lighter 
shades indicate lower, darker shades indicate higher hybridization probability. 
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Table 3.5: Summary of variant analysis results (HzNV-1 reference only) 
  SNP Effects (Avg.)   
Scientific 





Bombyx mori NCBI GEO 0.00 2.70 2.80 10 94 
 Jiangsu University of Science And Technology 0.00 5.70 7.30 10 173 
 Shenyang Agricultural University 0.00 0.00 0.00 1 2 
 Southwest University 1.68 135.19 450.19 57 53381 
 State Key Laboratory of Silkworm Genome Biology 4.50 397.50 1379.5 2 4432 
 UT-GALS 0.00 9.00 9.00 2 35 
Helicoverpa  BCM (Australia) 0.00 0.00 0.00 28 849 
armigera Central China Normal University 0.00 1.00 9.00 1 5 
 China Agricultural University 0.00 0.00 0.00 5 15 
 Chinese Academy of Agricultural Sciences 0.00 0.00 0.00 33 498 
 CSIR-National Chemical Laboratory (CSIR-NCL) 0.00 0.00 0.00 11 468 
 CSIRO 0.00 0.00 0.00 9 90 
 Embrapa Genetic Resources and Biotechnology 0.00 0.00 0.00 6 237 
 NCBI GEO 0.00 0.00 0.00 10 270 
 Hainan University 0.00 0.00 0.00 18 323 
 Henan Agricultural University 0.00 0.00 0.00 5 75 
 Institute of Plant Protection, CAS  0.00 0.00 0.00 1 23 
 Institute of Zoology, CAS 0.00 0.00 0.00 16 69 
 Nanjing Agricultural University 0.39 45.56 168.29 249 83464 
 Sun Yat-Sen University 0.00 0.00 0.00 4 22 
 University of Sao Paulo-ESALQ 0.09 2.39 2.52 92 7185 
Helicoverpa 
zea 
Agricultural Research Service, US Department of Ag 0.00 0.00 0.00 4 20 
BCM (Australia) 0.86 0.29 0.00 7 2767 
 Foundation For Research And Technology Hellas 0.75 0.63 0.00 8 1735 
 Iowa State University 0.33 0.22 0.00 9 573 
 The University of Queensland 0.00 0.00 0.00 1 288 
 University of Maryland 0.33 0.44 0.00 9 574 
 University of Sao Paulo-ESALQ 0.28 6.08 6.77 53 15479 
 USDA-ARS 0.22 0.28 0.00 18 3462 
Heliothis 
virescens 
American Museum of Natural History 0.00 0.00 0.00 3 127 
NCBI GEO 0.00 0.00 0.00 1 2 
 Max-Planck-Institute For Chemical Ecology, Germany 0.00 0.6 1.50 11 80 
 University of Maryland, College Park 0.00 4.00 9.00 1 32 
 Western Sydney University 0.00 0.00 0.00 4 483 







Table 3.6: Summary of variant analysis results (HzNV-2 reference only) 
  SNP Effects (Avg.)   
Scientific 





Bombyx mori NCBI GEO 0.00 0.70 1.00 10 22 
 Jiangsu University of Science and Technology 0.00 0.00 0.00 9 21 
 Shenyang Agricultural University 0.00 0.00 0.00 1 0 
 Southwest University 2.37 147.50 472.63 38 67144 
 State Key Laboratory of  Silkworm Genome Biology 7.00 612.00 1920.0 2 8854 
 UT-GALS 0.00 0.00 0.00 2 6 
Helicoverpa 
armigera 
BCM (Australia) 1.13 79.27 264.03 63 43364 
Central China Normal University 0.00 0.00 0.00 1 0 
 China Agricultural University 0.00 0.00 0.00 5 0 
 Chinese Academy of Agricultral Sciences 0.00 0.00 0.00 30 0 
 CSIR-National Chemical Laboratory(CSIR-NCL) 0.00 0.00 0.00 11 2 
 CSIRO 0.00 0.00 0.00 9 0 
 Embrapa Genetic Resources and Biotechnology 0.00 0.00 0.00 6 0 
 NCBI GEO 0.00 0.00 0.00 10 1 
 Hainan University 0.00 0.00 0.00 18 0 
 Institute of Plant Protection, CAS 0.00 0.00 0.00 1 1 
 Institute of Zoology, CAS 0.00 0.00 0.00 15 1 
 Nanjing Agricultural University 0.49 58.29 207.10 249 151998 
 Sun Yat-Sen University 0.00 0.00 0.00 4 0 
 University of Sao Paulo-ESALQ 0.05 2.83 3.54 92 12605 
Helicoverpa 
zea 
Agricultural Research Service, US Department of Ag 0.00 0.00 0.00 4 0 
BCM (Australia) 0.00 0.00 0.00 13 0 
 Foundation For Research and Technology Hellas 0.00 0.00 0.00 8 0 
 Iowa State University 0.00 0.00 0.00 9 0 
 The University of Queensland 0.00 0.00 0.00 1 0 
 University of Maryland 0.00 0.00 0.00 9 0 
 University of Sao Paulo-ESALQ 0.08 8.92 11.26 53 27828 
 USDA-ARS 0.00 0.00 0.00 18 0 
Heliothis 
virescens 
NCBI GEO 0.00 0.00 0.00 1 0 
Max-Planck-Institute For Chemical Ecology, Germany 0.00 0.00 0.00 11 17 
 University of Maryland, College Park 0.00 4.00 11.00 1 13 
 Western Sydney University 0.00 0.00 0.00 4 0 















Table 3.7: BLAST search results of nucleotide database mining study. Query matches 
were identified based on available gene annotations. *A: glycine 
hydroxymethyltransferase, B: serine hydroxymethyltransferase 
 








Func.* NCBI Code 
1 HzNV-1 H. zea 77 84.416 3.11E-13 ORF72 A KZ118848.1 
2 HzNV-1 O. brumata 76 85.526 8.91E-14 ORF72 A JTDY01008121.1 
3 HzNV-1 O. brumata 63 90.476 8.91E-14 ORF72 A JTDY01003972.1 
4 HzNV-1 O. brumata 63 87.302 4.62E-11 ORF72 A JTDY01008121.1 
5 HzNV-1 B. mori 75 82.667 1.61E-10 ORF72 A DF090336.1 
6 HzNV-1 B. mori 77 83.117 1.32E-11 ORF72 A ICPK01019056.1 
7 HzNV-2 B. mori 77 81.818 1.61E-10 ORF66 B ICPK01019056.1 
8 HzNV-2 B. mori 75 81.333 1.96E-9 ORF66 B DF090336.1 
9 HzNV-1 O. brumata 63 88.889 3.79E-12 intergenic  JTDY01003972.1 
10 HzNV-2 O. brumata 63 85.714 1.96E-9 ORF66 B JTDY01008121.1 
11 HzNV-1 O.  brumata 76 84.211 1.09E-12 intergenic  JTDY01008121.1 
12 HzNV-1 H. zea 77 83.117 1.32E-11 intergenic  KZ118848.1 
13 HzNV-1 H. zea 55 94.545 3.11E-13 intergenic  KZ118493.1 
14 HzNV-1 H. zea 48 100 8.91E-14 intergenic  KZ118493.1 
15 HzNV-1 H. armigera 81 91.358 2.73E-20 intergenic  KZ149999.1 
16 HzNV-1 H. armigera 81 91.358 2.73E-20 intergenic  NW_018395591.1 
17 HzNV-1 H. zea 88 89.773 4.32E-24 intergenic  KZ118158.1 
18 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ118493.1 
19 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ118493.1 
20 HzNV-1 H. zea 51 100 2.1E-15 intergenic  KZ118139.1 
21 HzNV-1 H. zea 55 98.182 6.01E-16 intergenic  KZ118283.1 
22 HzNV-1 H. zea 66 100 1.51E-23 intergenic  KZ116754.1 
23 HzNV-1 H. zea 72 98.611 3.55E-25 intergenic  MT702890.1 
24 HzNV-1 H. zea 72 100 8.34E-27 intergenic  KZ117299.1 
25 HzNV-1 H. zea 73 100 2.39E-27 intergenic  KZ118535.1 
26 HzNV-1 H. zea 73 100 2.39E-27 intergenic  MT702914.1 
27 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ116722.1 
28 HzNV-1 H. zea 80 98.75 1.61E-29 intergenic  KZ118283.1 
29 HzNV-1 H. zea 80 93.75 1.51E-23 intergenic  KZ118158.1 
30 HzNV-1 H. zea 80 98.75 1.61E-29 intergenic  KZ118139.1 
31 HzNV-1 H. zea 72 97.222 4.32E-24 intergenic  KZ118493.1 
32 HzNV-1 H. zea 72 94.444 2.24E-21 intergenic  KZ118493.1 
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Table 3.7 (continued) 
 
33 HzNV-1 H. zea 77 100 1.61E-29 intergenic  MT702890.1 
34 HzNV-1 H. zea 80 98.75 1.61E-29 intergenic  KZ118283.1 
35 HzNV-1 H. zea 80 98.75 1.61E-29 intergenic  KZ116754.1 
36 HzNV-1 H. zea 80 97.5 1.96E-28 intergenic  MT702890.1 
37 HzNV-1 H. zea 80 97.5 1.96E-28 intergenic  KZ117299.1 
38 HzNV-1 H. zea 80 98.75 1.61E-29 intergenic  MT702914.1 
39 HzNV-1 H. zea 82 95.122 1.02E-25 intergenic  KZ118535.1 
40 HzNV-1 H. zea 80 97.5 1.96E-28 intergenic  KZ116722.1 
41 HzNV-1 H. zea 80 93.75 5.26E-23 intergenic  KZ118283.1 
42 HzNV-1 H. zea 80 93.75 4.32E-24 intergenic  KZ116739.1 
43 HzNV-1 H. zea 80 85 8.91E-14 intergenic  KZ117675.1 
44 HzNV-1 H. zea 73 98.63 1.02E-25 intergenic  KZ118139.1 
45 HzNV-1 H. zea 58 100 3.32E-19 intergenic  KZ116754.1 
46 HzNV-1 H. zea 54 100 4.93E-17 intergenic  MT702890.1 
47 HzNV-1 H. zea 51 100 2.1E-15 intergenic  KZ117299.1 
48 HzNV-1 H. zea 49 100 2.55E-14 intergenic  KZ118535.1 
49 HzNV-1 H. zea 68 98.529 6.41E-22 intergenic  KZ118283.1 
50 HzNV-1 H. zea 71 97.183 1.84E-22 intergenic  MT702890.1 
51 HzNV-1 H. virescens 72 100 8.34E-27 intergenic  NWSH01002613.1 
52 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ118251.1 
53 HzNV-1 H. virescens 80 98.75 1.61E-29 intergenic  NWSH01002613.1 
54 HzNV-1 H. virescens 80 98.75 1.61E-29 intergenic  NWSH01002551.1 
55 HzNV-1 H. virescens 65 95.385 4.05E-18 intergenic  NWSH01001560.1 
56 HzNV-1 H. zea 73 100 2.39E-27 intergenic  KZ117975.1 
57 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ118251.1 
58 HzNV-1 H. virescens 80 97.5 1.96E-28 intergenic  NWSH01002551.1 
59 HzNV-1 H. virescens 80 93.75 5.26E-23 intergenic  NWSH01000291.1 
60 HzNV-1 H. virescens 80 98.75 1.61E-29 intergenic  NWSH01001560.1 
61 HzNV-1 H. virescens 75 92 3.32E-19 intergenic  NWSH01000053.1 
62 HzNV-1 H. zea 61 100 7.81E-21 intergenic  KZ117975.1 
63 HzNV-1 H. virescens 80 93.75 4.32E-24 intergenic  NWSH01001560.1 
64 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ118251.1 
65 HzNV-1 H. virescens 80 95 1.02E-25 intergenic  NWSH01001560.1 
66 HzNV-1 H. zea 80 100 3.79E-31 intergenic  KZ118251.1 
67 HzNV-1 H. virescens 87 89.655 5.26E-23 intergenic  NWSH01001560.1 
68 HzNV-1 H. virescens 67 98.507 1.84E-22 intergenic  NWSH01001560.1 
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CHAPTER 4:  SEQUENCE CHARACTERIZATION AND ANALYSIS OF THE 
HELIOTHIS VIRESCENS NUDIVIRUS  
4.1 Introduction 
Corn earworm (Helicoverpa zea) is a polyphagous Noctuid species that poses a 
serious threat to many economically important cash crops such as corn, cotton, tobacco, 
and soybean. The estimated damage caused by corn earworm infestations and cost of 
control in the United States alone exceeds $2 billion per year (Pogue, 2004). In early 
instars, the corn earworm larva enters the fruiting body of plants and continuously feeds 
on vegetative and reproductive tissues until pupation. During this feeding stage, corn 
earworm larvae are often protected from environmental and behavioral factors which 
render many conventional management methods infective. In addition to management 
issues caused by its feeding behavior, H. zea populations can develop “field evolved” 
metabolic resistance against multiple Bt toxins and conventional insecticides fairly quickly 
which further complicates their management strategies. Recent advancements in Bt 
technologies and new “Bt-pyramid” products can provide significant protection against 
corn earworm damage, however selection pressure caused by excessive use of these 
products is likely to result in practical resistance in the near future. 
Even though insects are known to transmit human, animal and plant diseases, they 
are also susceptible to many viral and bacterial pathogens. There are more than 1100 known 
species of insect viruses that infect more than 20 insect families (Grzywacz, 2017). Almost 
half of these viruses belong to Baculoviridae family which is a group of viruses known for 
their polyhedral occlusion bodies. These occlusion bodies provide a protective layer 
against environmental degradation and improves per os infectivity. Baculoviruses, along 
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with Bracoviruses, diverged from an ancestral Nudivirus strain around 280 Mya (Thézé et 
al., 2011). The Nudiviridae family contains several non-occluded and facultatively-
occluded viruses that cause a range of pathological symptoms during their infections. The 
first known nudivirus, Oryctes rhinoceros (OrNV) was discovered in 1966 during an 
extensive survey of coconut palm beetle and its pathology was described shortly after in 
severely lethargic larvae with disintegrated fat body tissues (Huger, 2005). Oryctes 
rhinoceros (coconut palm beetle) causes devastating losses in palm plantations in the 
Middle East and South East Asia. Pilot studies conducted in Samoan islands showed the 
potential of OrNV in coconut palm beetle management by reducing the palm tree damage 
by 95% in some cases (Bedford, 1980). 
The first sequenced nudivirus, HzNV-1 was discovered in an established 
lepidopteran cell line and identified as a persistent infectious agent that episodically 
exhibits lytic infections similar to Baculoviruses in cell culture. The HzNV-1 genome 
closely resembles the HzNV-2 but HzNV-1 can only replicate in some insect cell lines such 
as IMC-Hz and TN-368 (Lin et al., 1999). The HzNV-1 genome has two large deletions in 
addition to several short nucleotide variations compared to HzNV-2 genome and that may 
have been generated during cell immortalization (IMC-Hz). The genome sequence and 
potential reading frames of HzNV-1 were identified using a targeted shotgun-based 
sequencing method (Cheng et al., 2002). 
The Helicoverpa zea nudivirus (HzNV-2) is a sexually transmitted double-strand 
DNA virus that can sterilize its host by infecting gonad tissue and causing tissue 
destruction, fusions and anomalies in the reproductive tracts. The HzNV-2 also modifies 
reproductive behavior in female corn earworm moths by promoting excessive pheromone 
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synthesis (Burand et al., 2005; Rallis & Burand, 2002b) and by blocking the production 
and function of pheromonostatic peptide (Burand & Tan, 2006; Kingan et al., 1995). 
Additionally, HzNV-2 exhibits a biphasic replication cycle where it may cause lytic 
infections that lead to sterile agonadal phenotypes or alternately produce latent phase 
infections that are asymptomatic without detectable morphological symptoms.  
 The two HzNV strains were sequenced in the early 2000’s using shotgun-
sequencing methodologies that consisted of random shearing of the viral genome, size 
fractionation, cloning and sequencing random clones with the resulting sequences then 
assembled to produce a first draft of the genome sequence (Cheng et al., 2002; Burand et 
al., 2012). These steps are required for target enrichment that is followed by dye-
termination sequencing. In contrast, modern flow cell based NGS technologies can 
generate massive amounts of sequence reads randomly from a library prepared in a 
relatively quick and affordable way. NGS libraries can be prepared to sequence whole 
genomes or specific regions of DNA or RNA sources. Specific regions can be enriched via 
PCR-based or hybridization-based methods to obtain significantly more read data from 
those regions. On the other hand, whole genome sequencing approaches require random 
fragmentation of all genetic material in the sample which produces concurrent sequence 
from any extrachromosomal DNA in the sample. 
 The word “meta” is a Greek prefix which means “after” or “beyond” and 
metagenomics is the term that has been coined to describe genomic approaches for studying 
the multiple genomes simultaneously and sequences produced by NGS sequencing and 
extends the focus of sequencing projects “beyond” the target species. Metagenomic 
approaches are especially important for studying microbial communities and infectious 
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diseases that otherwise require more intensive time and resource consuming procedures. 
Metagenomics also provides tools and protocols for studying population genetics of self-
replicating microbes, viruses, and quasispecies models and even defective interfering 
particles found in many viral infections (Alnaji et al., 2019; Vignuzzi & López, 2019).  
In previous chapters, we present evidence that HzNV-like viruses circulate in 
Helicoverpa armigera, Heliothis virescens and Bombyx mori populations in Brazil, China 
and Australia. Some Helicoverpa armigera samples (i.e. SRR11432110) were dominated 
by HzNV sequences, however, it was impossible to recover a complete H. armigera 
nudivirus genome from those datasets due to target enrichment methods used in library 
preparations. The “original” study that produced these datasets were designed to 
investigate inter-species hybridization patterns by a genotyping-by-sequencing (GBS) 
method which employs a PCR-based enrichment step to generate more read depth around 
specified endonuclease restriction sites.  However, GBS approaches can also create 
significant gaps in genomic assembly.  
In this chapter, we present the complete genomic sequence of a novel nudivirus, the 
Heliothis virescens nudivirus (HvNV) that infects H. virescens populations in the southeast 
United States. We use a set of de novo assemblers with metagenomic parameters to analyze 
the NGS data we generated from a randomly fragmented nudivirus-positive DNA library. 
Our results show that the HvNV genome is similar to the HzNV-2 genome in terms of gene 
ontology and sequence identity, however short nucleotide variations are common when the 
two genomes are compared. Additionally, our de novo assembly workflow revealed 
another small circular sequence similar to HvNV genome which resembles a defective 
interfering particle with several missing open reading frames. Based on genomic structure 
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and sequence similarity, it can be predicted that HvNV will exhibit similar pathological 
symptoms to the HzNV-2 virus as genes known or suspected to be involved in host 
pathology are present in both viruses. If this prediction is correct, the pathology of HvNV 
may also be modified or engineered to make them a viable, host-specific and effectively 
spreading tobacco budworm management agent. 
 
4.2 Materials and Methods 
4.2.1 Sample Collection and Virus Detection 
The first batch of Heliothis virescens samples used for sequencing were collected 
from Louisiana State University Red River Research Station (Bossier City) using bollworm 
traps that were baited with H. virescens specific pheromone lures. These pheromone traps 
were checked at least once every three days and trap contents transferred into a plastic 
container and stored in a -20°C freezer until shipping. These samples were exposed to 
environmental factors and showed DNA degradation at different levels so I decided to 
collect live insects to obtain higher quality DNA and potentially infectious virus particles. 
This second batch of samples were collected in August 2020 by Mr. Bentley Fitzpatrick 
from Louisiana State University Macon Ridge Research Station (Winnsboro, LA) and the 
insects were immediately frozen to minimize DNA degradation. This second batch was 
also shipped in a dry ice filled insulated box via overnight service. 
Upon receiving the samples, abdomens were separated from thorax while frozen 
and transferred to individual 1.5 mL microfuge tubes. This procedure was performed in 
our laboratory using sterilized dissection instruments that were cleaned and heat-sterilized 
prior to and after each dissection. The abdomens were then homogenized in 200 µL sterile 
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phosphate-buffered saline (PBS) solution using pipette tips. PBS has previously been a 
widely used for both isolating and storing live nudivirus as well as extracting the DNA that 
is required for downstream applications. For DNA extraction, 50 µL of abdominal 
homogenate was incubated in an alkaline digestion solution (Table 2.1) at 56°C for 2 hours. 
Following the incubation period, total DNA was isolated as described in Table 2.1  
Molecular screening to identify samples containing virus was performed by 
multiplex PCR using P4 and P13 primers (Table 2.2) which target conserved HzNV genes 
and generate 404 bp (ORF78) and 320 bp (ORF16) amplimers, respectively. This 
multiplexed approach was preferred as it reduced potential false negatives. In order to 
confirm host species identity, another chain reaction was performed with nudivirus positive 
samples using H. virescens specific primers (Table 2.2) which distinguishes H. zea (448 
bp) from H. virescens (413 bp) based on a 35 bp deletion in H. virescens genome. 
 
4.2.2 DNA Extraction and Sequencing 
Genomic DNA was collected from H. virescens tissue homogenates using a spin-
column based extraction method (DNeasy Blood & Tissue Kit, QIAGEN) that provides 
clean and pure DNA without use of phenol or chloroform. In this method, insect sample 
(tissue homogenate) is digested with a lysis buffer that contains detergents, salts, metal 
chelators, and proteinase K. This step is necessary to disrupt cellular structure, release the 
DNA and inhibit nuclease activity. After 2 hours of incubation at 56°C, the digested 
solution is transferred to a spin-column and the total DNA was captured on a silica 
membrane. Binding is maintained in the presence of chaotropic guanidine salts which 
create a molecular affinity of the DNA molecules for the membrane. While the DNA is 
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captured by the membrane, cellular debris and other contaminants are removed with 
washing solutions provided in the kit. The captured DNA is then released by removing salt 
ions from the solution which renders the silica membrane negatively charged. 
The quality and purity of the DNA isolation was assessed using a 
spectrophotometer (Nanodrop 2000c, Thermo Scientific) and the DNA integrity was 
visualized by gel electrophoresis. The isolates were then submitted to a sequencing facility 
(Novogene, UC Davis) to complete the library preparation step and sequencing procedures. 
The Illumina libraries were prepared from randomly fragmented DNA and short read 
datasets were generated on NovaSeq (Illumina) platform in 150 bp size with paired-end 
setting (150 bp x 2, forward and reverse). 
 
4.2.3 Data Analysis 
Upon data acquisition, raw reads and sequencing reports were directly downloaded 
to LCC computer cluster in FASTQ format using wget utility. Before further analysis, 
datasets were preprocessed by removing platform specific adapters (Table 4.1) and low 
quality reads. This task was performed by trim-galore software on both read pairs with 
quality threshold value (PHRED) set to 20. The Trim-galore package also generates a post-
trimming quality report that contains multiple statistics, sequencing scores and metrics 
about data quality and integrity. After the pre-processing step, paired short reads in FASTQ 
files were ready for haplotype calling and phylogenetic analysis. 
HISAT2 is a fast and efficient read aligner (Kim et al., 2015) that generates SAM 
alignment files from read datasets and reference genomes. We used the HiSAT2 program 
to quantify the amount of nudivirus sequences in FASTQ files by aligning short reads 
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against HzNV-2 reference genome. Next, we examined viral haplotypes in the datasets 
using SPAdes; a de novo assembly program that performs well with metagenomic datasets 
(Sutton et al., 2019). This assembly method is fairly slow and uses significantly more 
computer resources compared to reference-based assemblers which can be biased towards 
a reference genome (Deng et al., 2021; Eliseev et al., 2020). The SPAdes program was 
used (Prjibelski et al., 2020) for de novo assembly of metagenomic reads. We then used 
another de novo assembler, MEGAHIT (Li et al., 2015) to compare and contrast the results. 
These two assemblers utilize unique graph-based algorithms (metaSPAdes and succinct de 
Bruijn graph, respectively) and they can reconstruct haplotypes from metagenomic datasets 
(Sutton et al., 2019). In general, SPAdes generates fewer contigs but consumes more 
computer power. On the other hand, MEGAHIT performs faster and uses less resources 
but generates excessive numbers of smaller contigs. 
In SPAdes analysis, we used “--isolate” and “--metaviral” parameters to filter out 
chromosomal sequences and run the assembly pipeline using the remaining circular and 
extrachromosomal DNA (Antipov et al., 2020). Similarly, the MEGAHIT program was 
used with “–meta-sensitive” preset (kmer sizes 21,31,41,51,61,71,81,91,99) to recover 
viral haplotypes. In order to reduce computational load, circular genomes were linearized 
based on the synteny block structure of the HzNV-2 genome. This linearization step was 
performed by Mauve (Darling et al., 2004) genome aligner and the final alignment 




4.2.4 Phylogenetic Analysis 
In a previous chapter, we found significant amounts of nudivirus sequences in 
multiple SRA experiments submitted by several research groups globally. Consensus 
sequences were generated from those nudivirus infected datasets and they were aligned 
against the HzNV-2 genome using Geneious Prime 2021.2 (Kearse et al., 2012) program. 
Since the SRA datasets analyzed in the previous chapter were highly fragmented, only a 
few regions in HzNV-2 genome yielded the multiple sequence alignments necessary for 
phylogenetic analysis. The largest alignment block was selected for the analysis and a 
phylogenetic tree was generated using PHYML program (Guindon et al., 2010) which uses 
a maximum likelihood algorithm to calculate phylogenetic trees. No outgroup was defined 
for this analysis and the substitution model was set to Generalized Time Reversible (GTR). 




4.3.1 Summary of the Datasets 
Two sets of samples were collected by Bentley Fitzpatrick between 2019 and 2020 
from two Louisiana State University research stations. The first batch of samples consisted 
of 227 tobacco budworm (H. virescens) males collected from Red River Research Station 
(Bossier City, LA) in 2019. The second batch consisted of 79 live captures collected 
between early-August to mid-September from Louisiana State University Macon Ridge 
Research Station (Winnsboro, LA). A total of 306 trap-captured H. virescens samples were 
screened using HzNV specific primers and the prevalence of H. virescens infecting 
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nudivirus was 4.8% and 5.1% in 2019 and 2020 samples, respectively. The number of 
nudivirus positives in the first batch was 11 and 2 of those showed strong PCR bands upon 
gel electrophoresis. Similarly, three nudivirus positives were detected in the second batch 
of samples, however, none of these yielded strong positives or enough DNA for the whole 
genome sequencing. Two strong positives from the first batch (LA27 and LA73) were 
selected for downstream analyses even though gel electrophoresis indicated signs of some 
DNA degradation. Despite concerns about sample inegrity, sequencing libraries were 
prepared and submitted. The Illumina platform generated 64.4 million and 61.5 million 
short reads for LA27 and LA73 libraries, respectively. Given the read size (150 bp) and 
the host genome size (~350 Mbp), mean sequencing coverage was 27.6x for the LA27 and 
26.3x for LA73 datasets. The amount of adapters and low quality bases in raw datasets was 
very low and the final size of the preprocessed datasets were 99.6% and 99.57% for LA27 
and LA73, respectively compared to raw datasets (Table 4.1).  
In the next step, viral sequences were quantified by mapping the preprocessed reads 
against the HzNV-2 genome. In the LA27 dataset, less than 0.001% of all reads (719 total) 
were of viral origin and the coverage for this dataset was only 10.9% (25,251 bp).  This 
dataset was discarded due to insufficient data points. In contrast, nearly 0.004% of the 
LA73 library was viral reads (242,649 total), the coverage was 99.1% (231,768 bp), and 
the average read depth for this dataset was 153.23. The HzNV-2 genome was not fully 
represented by the short reads due to deletions and insertions found in HvNV genome 
relative to the reference genome. These complete and defective HvNV genome sequences 




4.3.2 Viral Haplotype Analysis 
Viral haplotypes were reconstructed using both SPAdes and MEGAHIT de novo 
assemblers with metagenomic parameters. SPAdes assembler yielded 53 distinct scaffolds 
ranging from 1,136 bp to 231,768 bp. Batch homology search of these sequences resulted 
in one main circular viral haplotype (231,768 bp) and two other smaller nudivirus 
assemblies (166,099 bp and 166,051 bp) (Table 4.2). The fourth largest scaffold was 
15,402 bp in size and matched with several mitochondrial sequences in BLAST homology 
search with high scores. The remaining contigs were smaller than 10 Kbp and they did not 
show homology to HzNV-2 genes (Table 4.2). Similar to SPAdes results, MEGAHIT de 
novo assembler produced only two nudivirus haplotypes that are 231,236 bp and 165,444 
bp long. The total number of contigs were 538 and the next largest fragment in this list was 
43,093 bp long which was aligned to Hydraecia micacea chromozome Z with high 
homology score (total score: 19445, E value: 0). Even though MEGAHIT generated an 
excessive number of contigs, results from SPAdes and MEGAHIT analyses were parallel 
and they supported the presence of two nudiviral haplotypes in LA73 sample. Since the 
results were almost identical, we used the SPAdes outputs for further analysis. 
The main HvNV haplotype was 147 bp larger than the HzNV-2 genome and the 
pairwise sequence identity was 93.52%. Gene structure and synteny were similar between 
HvNV and HzNV-2 (Fig. 4.2), however the sequence similarity was lower than 90% in 8 
out of 113 open reading frames (ORF) (Table 4.3). Moreover, some start and stop codons 
in the HvNV genome differed from that of the HzNV-2 genome. These codon differences 
were in ORF6 (start codon), ORF32 (stop codon), ORF57 (start and stop codons), ORF58 
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(stop codon), ORF69 (stop codon), ORF90 (start codon), ORF92 (start and stop codons), 
ORF107 (stop codon), and ORF 112 (stop codon).  
The SPAdes assembly resulted in two small nudivirus haplotypes (Table 4.2, #2 
and #3) that were identical in terms of sequence similarity and structure and the only 
difference was the two short deletions at the ends of the assembly. Due to this similarity, 
the smaller assembly (Table 4.2, #3) was excluded from downstream analyses. The larger 
haplotype showed similar gene synteny with HzNV-2 (Fig. 4.3) but it was 65,628 bp 
shorter than HzNV-2 genome. Pairwise sequence similarity between HvNV and the 
defective genome was 31.4%. Also, this defective haplotype was missing 25 open reading 
frames and the remaining genes showed significant differences in start and stop codon 
coordinates (Table 4.4).  
 
4.3.3 Phylogenetic Analysis 
We generated a phylogenetic tree using the sequences from nudivirus infected SRA 
experiments in addition to HzNV-2 and HvNV sequences. As discussed before, the SRA 
datasets were too fragmented to perform a phylogenetic analysis, however, I found several 
regions with sequence data from multiple SRA experiments. Among these regions, ORF38 
had enough sequence data and spatial diversity to perform phylogenetic analysis (Fig. 4.4). 
I built a multiple sequence alignment using 10 homologus sequences from those deposited 
by researchers from China, Brazil and the US. Next, I performed a phylogenetic analysis 
with this alignment using PhyML program, a maximum likelihood algorithm that performs 
well without any predefined outgroup sequence. In the resulting phylogenetic tree, 
nudiviruses from different hosts clustered together except for the samples from the 
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Americas, which indicates that interspecies transmission occurred more recently compared 
to other groups (Fig. 4.5). 
 
4.4 Discussion   
HzNV-2 is one of the few insect viruses that spreads sexually and causes 
reproductive sterility.  It is the only known sexually transmitted viral pathogen among all 
Heliothine bollworm species. HvNV-2 modifies host behavior to improve horizontal 
transmission efficiency and is also one of the few insect viruses that exhibits a biphasic 
replication cycle with an asymptomatic latent phase and a reproductive lytic phase. HzNV-
2 can be modified to elevate its sterilizing effect (Webb, personal communication) and may 
eventually be used as a corn earworm biopesticide. Even though the HzNV-2 pathology 
and transmission is well studied, there is basically no information about other nudiviruses 
that are circulating in lepidopteran groups. 
In previous chapters we have shown that nudiviruses are present in many 
Lepidoptera species and populations of those species around the world. The Lepidoptera 
now known to have nudivirus sequences include Helicoverpa armigera, Heliothis 
virescens, Bombyx mori and likely Spodoptera frugiperda. It is certain, that this is an 
incomplete list that is biased by the species currently represented in lepidopteran genome 
databases. Additionally, I showed that HzNV-2 is potentially circulating in many 
Helicoverpa zea populations outside the North America such as Greece, Brazil, and 
Australia. I also found traces of nudivirus sequences in some “pooled” Spodoptera 
frugiperda samples which contains low numbers of highly identical HzNV sequences. In 
this chapter we sequenced a novel nudivirus strain that was found in Heliothis virescens 
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insects collected from Louisiana. Genomic structure and composition of this novel 
nudivirus, HvNV closely resembles the HzNV-2 genome with only 6.48% difference in 
sequence identity. 
Even though HvNV and HzNV-2 look similar in terms of sequence identity, several 
open reading frames in HvNV genome are different in size mostly due to differences in 
start and stop codon locations. Among these coding sequences, ORF90 and ORF92 has 
significantly large deletions and low sequence similarity (79.37% and 77.99% 
respectively) compared to homologous genes in the HzNV-2 genome. These two medium-
size reading frames are missing in HzNV-1 which is restricted to insect cell lines. Gene 
products of these ORFs are still unknown but they are most likely involved in virus-host 
interaction. Also, based on the evidence presented in this chapter, we can argue that HvNV 
and other Heliothine nudiviruses found in the Americas have evolved recently from an 
ancestral nudivirus strain compared to the nudiviruses found in the Old World. This claim 
is also congruent with continental isolation between two ecoregions, however, the data we 
used for phylogenetic analysis was fairly limited and may not reflect the complete 
evolutionary relationships between the nudiviruses found in the Old World and in the 
Americas. 
In addition to the main haplotype, we found a smaller nudivirus haplotype that is 
structurally and functionally homologous to the HvNV genome. This small sub-viral 
genome appears to be from a defective interfering particle (DIP) which is defined as small 
noninfectious viral particles that require a homologous ‘helper’ virus to replicate but also 
interferes with the replication of its helper (Treuhaft & Beem, 1982). Baculovirus DIPs can 
interfere with homologous virus replication and cause significant declines in bioreactor 
106 
 
production. In addition to DIPs, there are many sub-viral particles such as defective viral 
genomes (DVGs) and Von Magnus particles that are generated during replication cycles. 
These particles can also play important roles in virus pathology ranging from persistence 
to virulence modulation and interference to interferon-induction (Vignuzzi & López, 
2019). By definition, the defective haplotype we have found in H. virescens host falls into 
the defective viral genome (DVG) category and could play a significant role in nudivirus 
pathology. Further experiments and metagenomic sequence data is necessary to understand 



















Raw 4835570100 32237134 150 0 35.6426 1.59538 
LA27_F 
Trimmed 4814216745 32234810 149.348 2.86023 35.661 1.53188 
LA27_R 
Raw 4835570100 32237134 150 0 35.4189 1.57409 
LA27_R 
Trimmed 4818965059 32234810 149.496 2.46648 35.4351 1.51702 
LA73_F 
Raw 4618224300 30788162 150 0 35.5809 1.58202 
LA73_F 
Trimmed 4596857378 30784887 149.322 2.68479 35.5964 1.52781 
LA73_R 
Raw 4618224300 30788162 150 0 35.3009 1.73809 
LA73_R 
Trimmed 4600578797 30784887 149.443 2.61675 35.3183 1.67942 
 
Illumina adapters used in this sequencing run: 
 









Table 4.2: List of all extrachromosomal contigs and their BLAST search results (LA73).  
 
Size 
(Bp) COV Cutoff Type Scientific Name Total Score Coverage E value Identity 
1 231768 19.28 0 circular  Helicoverpa zea nudivirus 2 4.25E+05 99.00% 0 96.84% 
2 166099 47.53 0 circular  Heliothis zea virus 1 36607 30.00% 0 82.36% 
3 166051 47.53 33 circular  Heliothis zea virus 1 36607 30.00% 0 82.36% 
4 15402 130.0 0 circular  Mamestra brassicae 95554 99.00% 0 89.58 
5 8686 3.31 0 circular  Trichoplusia ni 4351 84.00% 0 77.67 
6 8407 6.81 5 circular  Hydraecia micacea 10117 100.00% 0 87.72 
7 7886 15.25 5 circular  Hydraecia micacea 11577 89.00% 0 79.75 
8 7719 6.47 5 circular  Noctua pronuba 1.15E+05 98.00% 0 92.97 
9 7347 3.26 0 circular  Autographa pulchrina 25944 99.00% 0 93.02 
10 7037 7.98 5 circular  Mythimna impura 20342 88.00% 0 93.46 
11 6888 23.54 5 circular  Helicoverpa armigera 3126 41.00% 0 86.51 
12 6489 8.6 5 circular  Abrostola tripartita 8934 98.00% 0 90.86 
13 6476 1.42 0 circular  Mellicta athalia 6192 80.00% 0 87.99 
14 6299 1.72 5 circular  Ochropleura plecta 17710 99.00% 0 91.04 
15 6155 1.47 5 circular  Ochropleura plecta 6405 90.00% 0 87.33 
16 6066 1.41 0 circular  Autographa pulchrina 33149 94.00% 0 89.73 
17 5988 16.09 5 circular  Abrostola tripartita 9815 100.00% 0 96.19 
18 5934 1.46 0 circular  Colias croceus 8871 70.00% 0 87.4 
19 5748 2.48 5 circular  Hecatera dysodea 5527 99.00% 0 81.14 
20 5733 7.5 5 linear Schrankia costaestrigalis 6753 77.00% 0 81.73 
21 5664 1.03 0 circular  Autographa pulchrina 23860 99.00% 0 92.13 
22 5575 7.31 5 circular  Atethmia centrago 5093 77.00% 0 88.15 
23 5437 14.75 5 circular  Autographa pulchrina 7726 99.00% 0 92.99 
24 5255 1.75 5 circular  Mamestra brassicae 5450 100.00% 0 85.46 
25 5210 1.73 0 circular  Lycaena phlaeas 4501 89.00% 0 85.58 
26 5180 31.48 5 circular  Hypena proboscidalis 6894 95.00% 0 91.82 
27 5171 7.48 5 circular Eupsilia transversa 9077 89.00% 0 82.75 
28 5121 2.71 0 circular Autographa pulchrina 6946 98.00% 0 91.08 
29 4967 22.97 5 circular Autographa pulchrina 457 12.00% 8.00E-67 85.38 
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Table 4.2 (continued) 
 
30 4923 7.77 5 circular Idaea aversata 5296 94.00% 0 88.07 
31 4661 2.96 5 circular Autographa pulchrina 11968 100.00% 0 94.91 




33 4518 1.22 0 circular Eilema depressum 4121 85.00% 0 85.86 
34 4496 13.8 5 circular Hecatera dysodea 1122 50.00% 0 75.81 
35 4461 5.03 0 circular Phalera bucephala 5858 99.00% 0 90.37 
36 4437 22.59 5 circular Lymantria monacha 4368 92.00% 0 86.02 
37 4334 4.85 5 circular Pyrgus malvae 1788 83.00% 0 75.85 
38 4314 3.78 5 circular Agrochola circellaris 2704 90.00% 0 79.34 
39 3869 2.03 0 circular Enterococcus faecium 198 6.00% 3.00E-45 81.42 




41 3268 2.77 5 circular Atethmia centrago 783 22.00% 1.00E-63 86.42 
42 2695 19.95 5 linear Helicoverpa armigera 130 3.00% 8.00E-25 88.68 
43 2372 1.14 0 circular Noctua pronuba 722 19.00% 9.00E-54 91.12 
44 2144 3.13 5 circular Heliothis subflexa 382 17.00% 6.00E-45 81.16 
45 2001 1.13 0 circular Leptidea sinapis 1290 75.00% 0 82.32 




47 1899 1.86 0 circular Timema poppe 56.5 1.00% 0.01 94.44 
48 1796 2.49 5 circular No significant similarity  - - - - 




50 1426 0.88 5 circular No significant similarity  - - - - 
51 1414 1.65 0 circular Autographa pulchrina 8063 98.00% 0 96.37 
52 1300 1.29 5 circular Mamestra brassicae 409 20.00% 4.00E-75 89.74 





De novo analysis of our LA73 dataset with SPAdes software produced 53 different 
contigs. Three of these contigs showed sequence similarity to HzNV-2 genome and 





Figure 4.1: Whole genome alignment of HvNV and HzNV-2 genomes showing synteny 
blocks and sequence linearization 
 
 
A) Pairwise alignment of HvNV (upper) and HzNV-2 (lower) genomes showing the 
locations in synteny blocks (green and red). These blocks indicate that circular HvNV and 
HzNV-2 genomes linearized from different locations. B) Once these circular genomes are 
linearized from the same location, they showed identical syntenies. No genomic 








Figure 4.2: Whole genome alignment of HvNV main contig and HzNV-2 genome. Bottom 
line represents the HzNV-2 genome and the top line represents the HvNV genome. 
Nucleotide variations are indicated as vertical lines and gaps. ORF distribution of HzNV-
2 genome shown on top and the sequence simllarity is represented at 100 bp resolution 
ranging from 50% to 100%. 
 
 
UTR: Untranslated region, CNS: Conserved non-coding region. 
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Table 4.3: List of all HzNV-2 open reading frames found in HvNV genome 
Gene Direction 






orf1 reverse 3336 3345 3427 96.71% histone H3 
orf2 forward 5868 5754 6019 89.24% hypothetical protein 
orf3 forward 705 705 705 99.15% hypothetical protein 
orf4 reverse 768 768 768 98.96% hypothetical protein 
orf5 forward 441 441 441 98.19% hypothetical protein 
orf6 forward 288 219 235 91.67% hypothetical protein 
orf7 reverse 2166 2193 2198 96.99% juvenile hormone esterase 
orf8 reverse 1008 1008 1008 99.60% integrase 
orf9 reverse 195 195 195 98.97% hypothetical protein 
orf10 reverse 2418 2436 2438 97.66% hypothetical protein 
orf11 reverse 2418 2424 2427 98.19% hypothetical protein 
orf12 forward 564 555 564 98.23% inhibitor of apoptosis protein 
orf13 forward 1347 1293 1408 90.59% hypothetical protein 
orf14 forward 1581 1563 1586 97.03% hypothetical protein 
orf15 forward 549 549 549 100.00% inhibitor of apoptosis protein 
orf16 forward 1326 1326 1326 99.70% hypothetical protein 
orf17 reverse 192 189 192 97.92% hypothetical protein 
orf18 reverse 3411 3420 3420 98.51% DNA polymerase 
orf19 forward 414 414 414 99.03% hypothetical protein 
orf20 reverse 432 432 432 99.31% hypothetical protein 
orf21 reverse 2079 2091 2091 97.85% hypothetical protein 
orf22 forward 525 525 525 99.81% hypothetical protein 
orf23 forward 1539 1539 1539 98.90% membrane transporter 
orf24 forward 429 429 429 99.07% hypothetical protein 
orf25 forward 330 330 330 99.39% 11k virion structural protein 
orf26 forward 1143 1143 1143 98.78% per-os infectivity factor 2 
orf27 forward 1803 1755 1839 94.79% hypothetical protein 
orf28 reverse 1002 1017 1024 94.69% very late expression factor 1 
orf29 reverse 2472 2472 2472 98.58% DNA repair related ATPase 
orf30 forward 969 969 969 98.66% hypothetical protein 
orf31 reverse 396 396 396 98.23% hypothetical protein 
orf32 forward 1275 1275 1279 99.22% hypothetical protein 
orf33 reverse 1287 1281 1287 97.82% hypothetical protein 
orf34 forward 1008 1014 1014 97.73% guanosine monophosphate kinase 
orf35 forward 876 876 876 98.40% thymidylate synthase 
orf36 reverse 3771 3744 3823 93.80% hypothetical protein 
orf37 forward 1023 1023 1023 99.80% hypothetical protein 
orf38 reverse 4746 4764 4784 98.14% helicase 
orf39 forward 2112 2082 2135 94.37% baculovirus 19k protein 
orf40 reverse 726 726 726 99.17% late expression factor 5 
orf41 forward 897 897 897 99.00% hypothetical protein 
orf42 forward 753 762 762 97.24% 28k virion structural protein 
orf43 reverse 2622 2685 2814 94.50% late expression factor 4 
orf44 reverse 1044 1044 1044 99.04% hypothetical protein 
orf45 forward 207 219 219 91.78% hypothetical protein 
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Table 4.3 (continued)  
 
orf46 forward 1473 1473 1473 99.12% hypothetical protein 
orf47 forward 2817 2820 2820 98.90% ribonuclease reductase 
orf48 reverse 363 366 366 98.91% hypothetical protein 
orf49 forward 747 747 747 99.46% hypothetical protein 
orf50 forward 882 879 882 98.41% hypothetical protein 
orf51 reverse 3798 3789 3798 98.31% late expression factor 8 
orf52 forward 846 846 846 99.17% 31k virion structural protein 
orf53 forward 645 648 648 97.99% per-os infectivity factor 3 
orf54 reverse 444 444 444 99.55% hypothetical protein 
orf55 forward 285 285 285 99.65% hypothetical protein 
orf56 forward 1416 1407 1433 95.46% hypothetical protein 
orf57 forward 216 177 177 98.62% hypothetical protein 
orf58 reverse 417 294 294 98.33% hypothetical protein 
orf59 forward 765 765 765 99.08% p34 late protein 
orf60 forward 375 375 375 99.47% hypothetical protein 
orf61 forward 771 750 775 96.24% hypothetical protein 
orf62 reverse 1323 1323 1323 98.49% odv-e56 structural protein 
orf63 reverse 3612 3624 3653 98.35% late expression factor 9 
orf64 forward 465 465 465 99.14% hypothetical protein 
orf65 forward 1002 1002 1002 99.50% ribonuclease reductase 
orf66 reverse 1326 1326 1326 99.40% serine hydroxymethyltransferase 
orf67 forward 825 825 825 99.03% deoxynuclease kinase 
orf68 forward 2370 2370 2379 98.07% matrix metalloprotease 
orf69 reverse 1053 1068 1075 98.01% dUTPase 
orf70 reverse 1974 1959 1986 95.72% DNA excision repair enzyme 
orf71 reverse 1389 1389 1389 98.78% hypothetical protein 
orf72 reverse 339 339 339 98.82% hypothetical protein 
orf73 forward 1152 1152 1152 99.22% p51 late protein 
orf74 forward 555 555 555 99.28% hypothetical protein 
orf75 forward 3948 3915 4029 91.80% hypothetical protein 
orf76 reverse 2631 2631 2631 98.71% hypothetical protein 
orf77 forward 1233 1233 1233 99.11% hypothetical protein 
orf78 reverse 2190 2178 2190 97.81% hypothetical protein 
orf79 reverse 438 438 438 99.77% hypothetical protein 
orf80 reverse 714 714 714 99.44% hypothetical protein 
orf81 forward 384 384 384 99.48% hypothetical protein 
orf82 forward 1707 1707 1707 99.18% per-os infectivity factor 1 
orf83 forward 666 666 666 99.25% hypothetical protein 
orf84 reverse 3867 3900 4047 74.61% hypothetical protein 
orf85 forward 1902 1902 1902 99.11% hypothetical protein 
orf86 reverse 348 363 363 97.99% hypothetical protein 
orf87 forward 969 972 972 98.35% hypothetical protein 
orf88 reverse 1659 1665 1665 98.68% hypothetical protein 




Table 4.3 (continued)  
 
orf90 forward 2925 2961 3100 79.37% hypothetical protein 
orf91 forward 1392 1369 1409 89.73% hypothetical protein 
orf92 forward 1941 1980 2223 77.99% hypothetical protein 
orf93 forward 2847 2841 2862 97.69% methyltransferase 
orf94 forward 5862 5856 5960 84.94% DNA ligase 
orf95 reverse 588 675 686 83.92% hypothetical protein 
orf96 forward 471 471 471 99.15% Ac81-like protein 
orf97 forward 402 402 402 99.25% 15k virion structural protein 
orf98 forward 3438 3372 3443 95.90% hypothetical protein 
orf99 reverse 867 867 867 99.19% esterase 
orf100 forward 942 939 942 97.66% hypothetical protein 
orf101 reverse 1071 1071 1071 99.35% hypothetical protein 
orf102 reverse 210 210 210 100.00% hypothetical protein 
orf103 forward 201 228 231 97.01% hypothetical protein 
orf104 reverse 735 735 735 99.05% hypothetical protein 
orf105 reverse 879 879 879 98.41% hypothetical protein 
orf106 reverse 2094 2055 2097 97.09% p74 envelope protein 
orf107 forward 291 276 278 89.13% hypothetical protein 
orf108 reverse 780 780 780 99.36% baculovirus 38k protein 
orf109 reverse 732 732 732 99.32% hypothetical protein 
orf110 forward 765 765 765 99.35% protein kinase 
orf111 forward 645 645 645 99.07% dihydrofolate reductase 
orf112 forward 2895 3063 3198 94.31% hypothetical protein 





Figure 4.3: Whole genome alignment of the defective H. virescens nudivirus contig against 
HzNV-2 genome. Bottom line represents the HzNV-2 genome and the top line represents 
the defective HvNV genome. ORF distribution of HzNV-2 genome shown on top and the 
sequence simllarity is represented at 100 bp resolution ranging from 50% to 100%. 
 




Table 4.4: List of all HzNV-2 open reading frames found in defective nudivirus genome. 
Genes in red at end of table have been deleted in the HvNV defective genome. 
Gene Direction 






orf3 forward 705 705 705 73.76% hypothetical protein 
orf7 reverse 2166 1941 3205 58.26% juvenile hormone esterase 
orf8 reverse 1008 924 1075 73.61% integrase 
orf9 reverse 195 195 711 69.23% hypothetical protein 
orf10 reverse 2418 2118 2673 51.23% hypothetical protein 
orf12 forward 564 534 534 78.67% inhibitor of apoptosis protein 
orf15 forward 549 534 549 61.57% inhibitor of apoptosis protein 
orf16 forward 1326 1299 3114 76.70% hypothetical protein 
orf18 reverse 3411 3312 3544 77.48% DNA polymerase 
orf19 forward 414 495 1726 48.99% hypothetical protein 
orf20 reverse 432 432 435 77.24% hypothetical protein 
orf21 reverse 2079 2068 2625 58.91% hypothetical protein 
orf22 forward 525 525 585 87.24% hypothetical protein 
orf23 forward 1539 1392 1855 62.98% membrane transporter 
orf24 forward 429 429 429 82.52% hypothetical protein 
orf25 forward 330 330 330 77.88% 11k virion structural protein 
orf26 forward 1143 1143 1144 74.98% per-os infectivity factor 2 
orf27 forward 1803 1788 3178 46.03% hypothetical protein 
orf28 reverse 1002 852 2028 66.57% very late expression factor 1 
orf29 reverse 2472 2466 3150 46.38% DNA repair related ATPase 
orf30 forward 969 795 1999 66.91% hypothetical protein 
orf31 reverse 396 336 405 53.77% hypothetical protein 
orf32 forward 1275 1224 3325 64.72% hypothetical protein 
orf33 reverse 1287 1104 1424 48.19% hypothetical protein 
orf34 forward 1008 924 1503 67.92% guanosine monophosphate kinase 
orf35 forward 876 864 2093 73.97% thymidylate synthase 
orf37 forward 1023 930 1114 69.70% hypothetical protein 
orf38 reverse 4746 4726 5562 47.71% helicase 
orf40 reverse 726 837 1242 78.51% late expression factor 5 
orf41 forward 897 885 915 63.36% hypothetical protein 
orf42 forward 753 714 1151 58.96% 28k virion structural protein 
orf43 reverse 2622 2636 4285 54.53% late expression factor 4 
orf44 reverse 1044 1023 1026 70.48% hypothetical protein 
orf46 forward 1473 1458 1733 81.40% hypothetical protein 
orf47 forward 2817 2835 3694 64.94% ribonuclease reductase 
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Table 4.4 (continued) 
 
orf48 reverse 363 375 379 68.75% hypothetical protein 
orf49 forward 747 735 735 79.52% hypothetical protein 
orf50 forward 882 849 1873 71.19% hypothetical protein 
orf51 reverse 3798 3774 5143 70.52% late expression factor 8 
orf52 forward 846 846 846 83.92% 31k virion structural protein 
orf53 forward 645 618 1139 73.33% per-os infectivity factor 3 
orf54 reverse 444 441 441 71.40% hypothetical protein 
orf55 forward 285 261 1455 60.70% hypothetical protein 
orf59 forward 765 759 1033 75.65% p34 late protein 
orf60 forward 375 378 680 79.37% hypothetical protein 
orf61 forward 771 639 1066 51.36% hypothetical protein 
orf62 reverse 1323 1263 1271 65.99% odv-e56 structural protein 
orf63 reverse 3612 3531 3740 72.15% late expression factor 9 
orf64 forward 465 462 467 69.89% hypothetical protein 
orf65 forward 1002 1002 1552 82.04% ribonuclease reductase 
orf67 forward 825 771 1836 59.08% deoxynuclease kinase 
orf69 reverse 1053 1083 1359 50.05% dUTPase 
orf70 reverse 1974 1979 3586 55.10% DNA excision repair enzyme 
orf71 reverse 1389 1194 1839 59.99% hypothetical protein 
orf73 forward 1152 1152 1198 78.04% p51 late protein 
orf75 forward 3948 3920 7573 45.12% hypothetical protein 
orf76 reverse 2631 2613 3381 71.34% hypothetical protein 
orf77 forward 1233 1197 1694 68.90% hypothetical protein 
orf78 reverse 2190 1998 2766 60.04% hypothetical protein 
orf79 reverse 438 432 460 69.47% hypothetical protein 
orf80 reverse 714 699 721 73.39% hypothetical protein 
orf81 forward 384 378 598 74.74% hypothetical protein 
orf82 forward 1707 1698 2027 74.14% per-os infectivity factor 1 
orf83 forward 666 663 1667 62.03% hypothetical protein 
orf85 forward 1902 1887 4980 59.41% hypothetical protein 
orf86 reverse 348 356 2627 53.65% hypothetical protein 
orf88 reverse 1659 1521 1945 46.16% hypothetical protein 
orf89 forward 2496 2511 3968 66.43% vp91 capsid protein 
orf92 forward 1941 1969 1969 45.63% hypothetical protein 
orf93 forward 2847 2822 4825 46.87% methyltransferase 
orf95 reverse 588 738 817 45.07% hypothetical protein 
orf96 forward 471 471 471 81.95% Ac81-like protein 
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Table 4.4 (continued) 
 
orf97 forward 402 414 423 78.49% 15k virion structural protein 
orf99 reverse 867 852 867 74.05% esterase 
orf100 forward 942 759 1228 54.35% hypothetical protein 
orf101 reverse 1071 1086 1300 62.65% hypothetical protein 
orf102 reverse 210 219 219 73.06% hypothetical protein 
orf104 reverse 735 738 2308 66.53% hypothetical protein 
orf106 reverse 2094 2127 2293 51.19% p74 envelope protein 
orf108 reverse 780 780 780 83.08% baculovirus 38k protein 
orf109 reverse 732 735 739 81.36% hypothetical protein 
orf110 forward 765 768 1094 82.75% protein kinase 
orf111 forward 645 564 1321 58.90% dihydrofolate reductase 
orf113 forward 1762 1748 2382 46.86% hypothetical protein 
orf1 reverse - - - - histone H3 
orf4 reverse - - - - hypothetical protein 
orf6 reverse - - - - hypothetical protein 
orf13 forward - - - - hypothetical protein 
orf14 forward - - - - hypothetical protein 
orf17 reverse - - - - hypothetical protein 
orf36 reverse - - - - hypothetical protein 
orf39 forward - - - - baculovirus 19k protein 
orf45 forward - - - - hypothetical protein 
orf56 forward - - - - hypothetical protein 
orf57 reverse - - - - hypothetical protein 
orf58 forward - - - - hypothetical protein 
orf66 forward - - - - serine hydroxymethyltransferase 
orf68 reverse - - - - matrix metalloprotease 
orf72 forward - - - - hypothetical protein 
orf74 reverse - - - - hypothetical protein 
orf84 forward - - - - hypothetical protein 
orf87 forward - - - - hypothetical protein 
orf91 forward - - - - hypothetical protein 
orf94 forward - - - - DNA ligase 
orf98 forward - - - - hypothetical protein 
orf103 forward - - - - hypothetical protein 
orf105 reverse - - - - hypothetical protein 
orf107 forward - - - - hypothetical protein 
orf112 forward - - - - hypothetical protein 
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Figure 4.4: Multiple sequence alignment of fragments homologous to HzNV2-ORF38 
found in heliothine nudiviruses. 
 
The ORF38 of HzNV-2 genome had enough sequence data and spatial diversity to perform 
phylogenetic analysis. A multiple sequence alignment block was generated using 10 
homologus sequences from those deposited by researchers from China, Brazil and the US. 
Color-coded boxes represent nucleotide polymorphisms (Red: Adenosine, Green: 
Thymine, Blue: Cytosine, Orange: Guanine)  
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Figure 4.5: Phylogenetic tree generated based on the multiple sequence alignment shown 
in Fig. 4.3. 
 
Phylogenetic relations reconstructed based on available sequence data which is 
homologous to HzNV2-ORF38 gene. Viral sequences shown in both green and blue 









CHAPTER 5:  EPILOGUE AND DISCUSSION 
5.1 Epilogue 
This project evolved remarkably since its first proposal. Our initial research 
questions have changed several times throughout my doctoral work due to experimental 
failures, unexpected circumstances and partly because of the COVID-19 pandemic. 
Besides many other small scale experiments related to nudivirus pathology, a major failure 
in HvNV propagation experiments led me to use public databases and bioinformatic tools 
for investigating other aspects of Heliothine nudiviruses. Unlike Baculoviruses, Heliothine 
nudiviruses do not form protective occlusion bodies and are fairly susceptible to 
environmental factors even in insect tissues. From a technical stand point, HvNV 
propagation was achievable despite the fact that the samples we processed were not 
collected specifically for our study. First, we tested our paper-smear samples for 
propagation experiments by preparing inoculates from known nudivirus positive samples 
that were collected from H. virescens host. At that point, we didn’t have any procedures to 
verify the host species so we used the information provided by the field researcher. After 
several attempts with HvNV inoculates, we were not able to propagate the virus neither in 
Sf-9 cell lines nor in its native host, Heliothis virescens insects. This failure was primarily 
caused by the methods used in sample collection, storage and shipping that were not 
suitable for live nudivirus isolation. In the following year we obtained more than 200 frozen 
H. virescens moths collected from a research station in Louisiana with pheromone traps so 
there were no female moths in this batch. These samples were also exposed to excessive 
heat and UV light, however we assumed that the virus can be recovered from insect tissues 
since it provides a cellular protective layer for some time. This assumption was made based 
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on our observations with H. zea nudivirus, which can survive even if the infected insect 
body stored in room temperatures for a few days. So, we treated all samples as nudivirus 
positive and prepared inoculates from their abdomens using sterilized utensils and sterile 
PBS solution, which is commonly used in HzNV experiments. Small portions of these 
inoculates were used for DNA extraction and PCR screening, however only 11 samples 
showed nudivirus positives. Two of these positives (LA27 and LA73) exhibited very strong 
banding pattern in gel electrophoresis so individual inoculates were prepared from LA27 
and LA73. Along with other nudivirus positives which were pooled in pairs, we prepared 
a total of 6 injection-ready solutions by filter-sterilization.  
We used these sterile inoculates to infect Sf-9 cells in two replicates however no 
cytopathic effects were observed in serial passages. Next, we injected inoculates into 24 
newly emerged H. virescens abdomens in six replicates. No morphological changes were 
observed in these infected insects after 5 days and only a small percentage of them showed 
nudivirus presence in PCR assays. Eggs from infected females were reared for two 
generations; only a few nudivirus positives found in the first generation and none in the 
second generation. These results indicated that the nudivirus titers were either too low or 
there were no viable virus particles to establish an infection. In conjunction with sampling 
method, we concluded HvNV virions are not capable of surviving the conditions in a 
regular trap capture setting. 
Finally, in the following year, we received 79 live capture H. virescens samples 
from another research station in Louisiana. In this batch, insects were frozen directly after 
capture and stored in -20°C freezer until it was shipped in to our laboratory in dry ice. The 
number of samples dropped significantly due to COVID-19 regulations and only three 
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nudivirus positives were detected in this second batch. Despite the fact that the positives in 
this batch were fairly weak, we prepared inoculates again and injected them in 24 H. 
virescens abdomens in 2 replicates. Similar to previous experiments, no nudivirus 
replication was detected in virus injected insects.  
In conclusion, we suggest two strategies to researchers that are planning to isolate 
and propagate Heliothine nudiviruses. In the scenario, the probability of isolating live 
nudivirus can be dramatically improved by increasing the number of live-capture insects. 
These insects must be transferred to a research lab in cold chain to prevent any degradation 
in live virus titers. We think that such a study should aim to collect at least several hundred 
insects to acquire viable virions. Another strategy to achieve a successful nudivirus 
propagation would be rearing insects collected from source population for several 
generations until viral pathology is detected in morphology or by molecular screening 
methods. Undoubtedly, this strategy requires much more time and resources, which further 
increases the overall cost of the study. 
 
5.2 Discussion 
Bollworms are a group of lepidopteran insects that feed on fruiting body at larval 
stage. The bollworm complex contains major agricultural pests that cause severe damage 
many economically important crops and horticulture products. Three bollworm species, 
Helicoverpa zea, Heliothis virescens, and Helicoverpa armigera are among the costliest 
crop pests in the world (Hardwick, 1965). These insect are highly polypagous and in the 
larval stage, they enter into fruiting bodies of the plant and feed on vegetative and 
reproductive tissues in plants such as corn, cotton, lettuce, soybean, tomato and tobacco, 
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and many others. Many conventional insecticides exhibit poor performance in late instars 
due to the protected micro-environment provided by the fruiting body.  
Besides their role in spreading many vector-borne diseases, insects are also 
susceptible to many bacterial and viral pathogens. Baculoviruses are well studied viruses 
and in many cases they serve as an effective biopesticide. They are also engineered to to 
produce recombinant proteins at larger scales in insect cell based bioreactors. Nudiviridae 
family is ancestral to Baculoviridae and Bracoviridae families (Thézé et al., 2011) and it 
contains non-occluded viruses that can infect several insect and arthropod species. 
Helicoverpa zea nudivirus – 2 (HzNV-2) is a sexually transmitted nudivirus that cause 
gonad trophy in H. zea (corn earworm) adults. It also exhibits a biphasic replication pattern 
where the infection is asymptomatic in latent phase and productive in lytic phase. The 
productive phase is characterized by gonad atrophy and a visible viral plug formation 
(Burand & Lu, 1997; Rallis & Burand, 2002). Almost 1/3 of all HzNV-2 infections are 
lytic that cause agonadal sterility due to physiological and morphological defects in host 
reproductive tracts (Raina & Adams, 1995). Another symptom of the infection is the 
elevated pheromone synthesis and continual mating calls in females (Burand et al., 2005; 
Burand & Tan, 2006). Along with viral plug formation, changes in mating behavior help 
the virus to spread horizontally relatively quickly. In addition to horizontal transmission, 
HzNV-2 can also be transmitted vertically through generations. A cell line restricted strain 
of this virus, HzNV-1 was discovered in 1971 and its genome was sequenced in 2005 which 
makes it the first known and sequenced Heliothine nudivirus. Genome of HzNV-1 closely 
resembles the HzNV-2 in terms of sequence identity, however, the former has several 
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indels and missing genes. Based similarities between two nudivirus, HzNV-1 has 
potentially derived from HzNV-2 during cell immortalization process. 
In lytic phase, HzNV-2 infection cause host tissue atrophy in both female and male 
gonads and thus sterilize the host. This agonadal phenotype is found only in 1/3 of all 
infected population. Also, HzNV-2 modifies the host behavior in females by inhibiting the 
activity of a pheromonostatic peptide which is responsible for ending mating calls.   All 
these pathological features make the HzNV-2 a candidate for corn earworm management 
however, early studies with HzNV-1 strain pointed that persistently infected TN-368 cell 
lines can be resistant to superinfection (Ralston et al., 1981). Even though HzNV-2 is a 
relatively well-studied virus, its prevalence in wild corn earworm populations is largely 
unknown. Here in this project, we have investigated HzNV-2 distribution in the Cotton 
Belt region and several other surrounding states. Additionally, we performed a digital 
survey on available genetic databases in using bioinformatic tools. Finally, we sequenced 
a novel nudivirus that infects H. virescens populations along with a defective viral genome. 
Results of this study indicate that nudiviruses are circulating in at least three 
bollworm species around the world; H. zea, H. armigera, and H. virescens. Corn earworm 
(H. zea) lineage diverged from the Old World bollworm (H. armigera) populations and 
established in Americas 1.5 Mya (Pearce et al., 2017b). As a result of this divergence, 
heterozygosity in H. zea populations are significantly lower than both H. armigera and H. 
punctigera populations (Mallet et al., 1993; Seymour et al., 2016). Our data suggest that 
HzNV-2 prevalence in the U.S. originates from source populations in South America where 
H. zea and H. armigera populations coexist and hybridize in many different habitats 
(Cordeiro et al., 2020). This hypothesis is also supported by SNP percentages which are 
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considerably higher in H. armigera nudivirus compared to H. zea nudivirus found in Brazil 
populations (Fig. 3.4). Furthermore, it can be argued that HzNV is an evolutionary lineage 
diverged from an ancestral H. armigera nudivirus and shows signs of a genetic bottleneck 
similar to its native host. In this study, we also present a series of strong evidences that 
indicates nudivirus prevalence in Greece, China and Australia. This evidence indicates that 
Heliothine nudiviruses in Americas may originally diverged from an ancestor found in the 
Old World. This claim is also supported by the sequences found in many experiments based 
on Bombyx mori cell lines conducted in China. Finally, we found traces of nudivirus DNA 
in several other species including Spodoptera frugiperda, Helicoverpa assulta, and 
Ostrinia nubilalis, however, the number sequences were not enough to make any 
inferences. Traces of nudiviral sequences may indicate a very low level infection or 
endogenous viral sequences which also supports the idea of presence of specific 
nudiviruses for these host species. 
In addition to the diversity of hosts that exhibit nudivirus presence, we also found 
a significant difference in terms of host species and read numbers when we process datasets 
using either HzNV-1 and HzNV-2 reference genomes. When the datasets aligned to HzNV-
1 genome, we found nudivirus less amount of short reads from a wider range of host 
species. Conversely, when we align the same datasets against HzNV-2 reference genome, 
we found more short reads from less number host species. Since HzNV-1 is a cell line 
restricted nudivirus, it is not found in feral corn earworm populations. On the other hand, 
the difference between known HzNV-1 and HzNV-2 genomes either indicates a large 
HzNV quasispecies circulating in feral Heliothine populations or supports the idea of 
multiple historic transposon activity. 
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Finally, we isolated and sequenced a novel nudivirus from an infected tobacco 
budworm (H. virescens) sample collected from Louisiana. This new nudivirus, HvNV, 
closely resembles HzNV-2 virus in terms of genomic structure and sequence similarity. 
Since H. zea and H. virescens popluations overlap in Cotton Belt region, it is possible that 
HzNV was transmitted to H. virescens host as a result of interspecies mating attempts 
between infected H. zea and healthy H. virescens. We also found a smaller homologous 
nudivirus genome with multiple large deletions. Defective interfereing particles (DIPs) are 
generated in many viral infections including Baculoviruses, the particle I found resembles 
a defective viral genome (DVG) and it is possibly playing a role in HvNV pathology. 
In conclusion, our results support the idea of a large and diverse group of 
lepidopteran nudiviruses circulating in natural populations, potentially transmitting 
sexually and exhibiting various degrees of reproductive sterility. If this is true, then it may 
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